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This thesis presents routes to transition metal complexes of pyridonate and 
carboxylate ligands. Low nuclearity complexes with triphenylacetate and first row 
transition metals of the formula {M4(OMe)4(02CCPh3)4(MeOH)4} (M = Co, Ni or 
Zn) have been synthesised and mark a change from reactions with other carboxylates 
which produce linear trinuclear complexes. Molecular modelling studies investigate 
the close contacts that arise if triphenylacetate is incorporated into a linear trinuclear 
compound to establish whether steric interactions are controlling reactivity. 
High nuclearity complexes with cobalt and nickel have been made, many of 
which extend the range of complexes in which the metal atoms form a centred 
tricapped 	trigonal 	prism. 	These 	complexes 	all 	contain 	a 
[M1o(OH)6(02CCPh3)6(xhp)6]2 (xhp = a pyridone anion substituted at the six 
position) core with metal atoms capping the triangular faces of the centred prism. A 
variant on previous tricapped trigonal prisms is also presented, in which the cap 
metal atoms cap the prism edges. In other complexes the metal atoms form new 
topologies, ranging from hexa- to octanuclear. In certain complexes sodium atoms 
are also incorporated into the polynuclear cages. 
Reaction conditions for formation of these cages were investigated. Variation 
of the metal salt from chloride to nitrate influences both the yield of high nuclearity 
complexes and the timescale over which they are formed. The choice of 
recrystallisation solvent affects the cage formed. For example, hexanuclear and 
heterometallic octanuclear cobalt complexes follow identical syntheses except for the 
recrystallisation solvent. 
Molecular modelling studies investigate the close contacts that arise when the 
carboxylate ligand is varied in a family of isostructural copper complexes. The 
corresponding reactions involving copper, pyridonate and carboxylate species 
produce complexes ranging from dinuclear to octanuclear. 
While the bulk of the research detailed in this thesis focussed on reactions 
involving triphenylacetate and pyridonate ligands, other avenues were also 
investigated. 
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A low nuclear cobalt polymer with trimethyl acetate (tma) and chp has been 
formed. A hexanuclear cobalt complex with N,N-dimethylglycine (dmg) suggests 
that amino acid based ligands hold potential for future cage synthesis 
Abbreviations and Definitions 
3-NOBA 	3-nitrobenzyl alcohol 
A 	 Angstrom (10 10m) 
chp Anion of 6-chloro-2-pyridone 
CSD Cambridge Structural Database 
cUp Centred tricapped trigonal prism 
dmg N,N-Dimethyl glycine 
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e.s.d. Estimated standard deviation 
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mhp Anion of 6-methyl-2-pyridone 
NMR Nuclear magnetic resonance 
02CMe Acetate 
OH Hydroxide anion 
OMe Methoxide 
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X General substituent 
xhp General 6-substituent-pyridone anion 
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In the majority of complexes presented in this thesis the following atomic 
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Chapter 1: Introduction 
1.1 Research Aims 
The aims of this research were to investigate whether triphenylacetate may be 
incorporated into high nuclearity complexes and, if successfully synthesised, 
characterise their magnetic properties. Therefore before describing the work carried 
out, an introduction to magnetism and a guide to molecular magnetism are presented. 
Previously characterised high nuclearity cobalt and nickel cages, and complexes with 
triphenylacetate are described to relate this work with that already carried out in the 
field. 
1.2 Introduction to Magnetism 
One of the principal reasons for studying paramagnetic polynuclear metal 
complexes is their magnetic properties. The unusual properties they can display are 
outlined in section 1.3 but a brief introduction to some fundamental magnetic terms 
may prove beneficial. 
Electrons generate a magnetic moment () from movement about the atom 
nucleus and their own axes, creating orbital (L) and spin (S) moments respectively. 
The total moment (J) is related to the magnetic moment by Equation 1. 1. 
p=gLJiJ+l) 
Equation 1. 1 
The term g is the Lande g-factor that is equal to 2.0023 for free electrons and 
will vary for individual transition metal ions depending on the strength of spin-orbit 
coupling. Orbital angular momentum is quenched for many first row transition 
complexes, allowing the spin moment to approach the total moment. Each electron 
has a value of S of V2, so an octahedral Ni(II) d8 centre is S = 1, and high and low 
spin octahedral Co(II) d7 metal ions are S = /2 and S = 1/2 centres respectively. 
A straightforward means of calculating the magnetic moment is by measuring 
the molar magnetic susceptibility y. Application of a magnetic field H creates a 
magnetisation M which is related to the susceptibility by Equation 1. 2. 
Equation 1. 2 
In real systems the susceptibility is often field dependant but Equation 1. 2 is 
commonly true in weak fields. The magnetic moment can then be calculated from 
Equation 1. 3. 
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Equation 1. 3 
If the spin moment dominates the total moment the molar susceptibility can be 
described in Equation 1. 4. 
%rnT = 	S(S+1) 
Equation 1. 4 
For systems which have n equivalent paramagnetic centres Equation 1. 4 
becomes Equation 1. 5. 
XrnT 
= 	.n.S(S + 1) 
Equation 1. 5 
Similarly if there are two inequivalent paramagnetic centres a and b present 






a •Sa (Sa + 1) + /8 •h 	b +1)  
Equation 1. 6 
In this thesis magnetic measurements are presented as XmT against T plots. 
This is because Equation 1. 5 and Equation 1. 6 allow for the straightforward and 
quick calculation of theoretical XmT values for non-interacting centres. As the T 
decreases paramagnetic centres may begin to interact more strongly. The principal 
magnetic interactions are antiferromagnetic exchange, in which equal moments align 
antiparallel, and ferromagnetic exchange in which moments align parallel. A third 
interaction observed is ferrimagnetic exchange, in which unequal moments align 




1111111 It III 
Figure 1. 1 Principal magnetic interactions. From top to bottom they are antiferromagnetic, 
ferromagnetic and ferrimagnetic exchange. 
Antiferromagnetic exchange will cause a decrease in the product XT, 
ferromagnetic exchange an increase and the effect of ferrimagnetic exchange will 
depend on the number and magnitude of the different centres. 
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1.3 High Nuclearity Cobalt and Nickel Complexes 
In the interests of brevity only high nuclearity complexes with metal sites in a 
high oxidation state bonded to nitrogen or oxygen donor atoms are discussed, as they 
hold the most significance to the area of work of this thesis. The numerous carbonyl, 
sulphide and selenide cages are excluded from discussion for this reason. Polymeric 
complexes in which all the metal atoms in the asymmetric unit are nearly equivalent 
are not discussed, as they are not molecular. For many high nuclearity complexes it 
is often convenient to describe them in terms of the polyhedra the metal atoms form. 
The survey was carried out on complexes whose details were deposited in the 
Cambridge Structural Databse (CSD).' 
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Hexanuclear Complexes 
In the majority of hexanuclear nickel and cobalt complexes the metal atoms 
adopt the positions of a chair, wheel or octahedron (Figure 1. 2). 
M 




Figure 1. 2 Chair, wheel and octahedron topologies. 
In all cages synthesised in which the metal atoms form a chair the only ligands 
present either chelate one metal centre and bridge to one or two more, or bridge two 
metal centres. The first chair complex synthesised is [C06(pta)12] (pta = 
propylthioacetato).2  Six of the pta groups chelate one metal through the sulphur and 
one oxygen donor and bridge to another with the other oxygen atom and the 
remaining six bridge adjacent cobalt atoms via the two oxygen donors (Figure 1. 3). 
Figure 1. 3 [C06(pta)12] 
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The remaining chair complexes synthesised are [M6(dppp)12] where M = Co or 
Ni and dppp = diphenyiphosphiflo propionato (Figure 1. 4). 
	
M 	M 
I 	 I 
0 0 
Ph 
Figure 1. 4 The two binding modes diphenylphosphino propionato displays in [M6(dppp)12
] where M 
= Co or Ni 
The dppp groups co-ordinate in modes related to those displayed in the 
previous comples, six of them chelating one metal site and bridging two more and 
the other six merely bridging two metal centres. 
In the cages in which the metal atoms form wheels the ligands display a much 
more varied range of bonding modes. In the majority of hexanuclear wheels ligands 
are present that chelate one metal site and bridge to at least one other. Two 
homoleptic wheels have been synthesised, in the most recent [C06(Dmid)6K12 (pmid 
= phosphonomethyl iminodiacetato) each ligand forms three chelate rings with one 
cobalt atom and bridges to the next (Figure 1. 5).' 
Figure 1. 5 [C06(pmid)6]K12 
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The other homoleptic hexanuclear wheel is 
ZN Ni [Ni6(dbmtc) 121 (dbmtc = Di-n-butylmonothiOCarbamato). 
S\ 	Each ligand chelates one metal and bridges to its 
Ni 	neighbour in both the inside and outside of the wheel 
(Figure 1. 6). 
Figure 1. 6 Binding mode of DinbutyImonothioCarbamatO 
The only other hexanuclear wheel in which ligands chelate and bridge is 
[C06(OMe)6(dtpa)6] (dtpa = 1,5diptolyl1,4-penta-azadieflid0) where the 
methoxide groups lie inside the wheel and bridge two metals (Figure 1. 7). 
Figure 1. 7 [C06(OMe)6(dtpa)6] 
A remarkable [Ni6(chphs)2(MeOH)61 (chphs = cyclohexaphenyl-
hexasiloxanolato) complex has been synthesised in which the jt6 6-chphs groups 
provide all bonds above and below the wheel and the methanol molecules bond 
terminally in the plane of the wheel (Figure 1. 8). 
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Figure 1. 8 [Ni6(chphs)2(MeOH)6] 
The last, and only heterometallic, hexanuclear wheel is 
[Co6Na(mhp)121.02CMe in which mhp is the anion of 6-methyl-2-pyridOfle and the 
sodium lies at the centre of the wheel.8  The mhp groups adopt two binding modes; 
six bridge two cobalt atoms through oxygen and nitrogen atoms and six bridge the 
sodium and one cobalt site through the oxygen donor and another Co via the nitrogen 
atom. 
It is only in nickel cages the metal atoms form an octahedron. In the first 
reported complex a samarium atom lies at the centre of the octahedron (Figure 1. 9)•9 
Figure 1. 9 [Ni6Sm(pro)12].3004 
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Each L-prolinato molecule chelates a nickel atom and bridges another nickel 
centre and the samarium atom. In the only other homoleptic nickel octahedron all 
nickel atoms are square planar bonded to one type of donor atom, four with nitrogen 
and two with sulphur (Figure 1. 10).10 
Figure 1. 10 IINi6(amid)81 
The remaining nickel octahedra are heterometallic with the additional metals 
(M*) capping opposite triangular faces and either hydroxides or oxides bridging 
three nickel atoms and one M*. In the most recently synthesised the extra metal is 
sodium and the p4-groups are hydroxides (Figure 1. 11)." 
Figure 1. 11 [Ni6Na2(OH)6(02CCMe3)6(HmhP)6C2] 
19 
The remaining bonds to nickel centres are supplied by trimethyl acetate 
ligands, which bridge two nickel atoms, and mhp groups that bridge between sodium 
and nickel sites. The chloride anions provide terminal bonds to the sodium atoms. 
The final nickel octahedron is [Ni6Zn2O2(dispc)12] (dispc = di-
isopropylcarbamato).'2  The di-isopropylcarbamatO molecules co-ordinate in two 
modes, half of which bridge three nickel atoms and half of which bridge one nickel 
and a zinc atom (Figure 1. 12). 
Figure 1. 12 Bonding modes of di-isopropylcarbamato ligands in [Ni
6Zn202(dispc)12]. 
Two hexanuclear complexes have been synthesised in which the metal atoms 
form two coplanar fully staggered triangles with one of the triangles translated so 
when viewed perpendicular to the plane of the triangles there is no overlap. The first 
such complex synthesised was [Ni6(OH)2(tfpd)Io(H20)21 (tfpd = trifluoropentane-2,4- 
dionato) (Figure 1. l3).' 
Figure 1. 13 [Ni(OF)2(tfPd)Io(H20)21 
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The hydroxide groups bridge the three nickel atoms of each triangle and the 
water molecules bridge the two closest lying inter triangle nickel atoms. Six 
trifluoropentane-2,4-dionato ligands chelate all nickel centres and six chelate the four 
outlying nickel atoms and bridge to another. In [C06(OMe)6(02CMe)2(Sal)2(bsam)2] 
(sal = salicylazine and bsam = bissalicylideneaminOmethY14methYlP'0x0) the 
metal atoms adopt the same positions as the previous complex. 
14 Two methoxo 
groups bridge all cobalt atoms of a triangle and four bridge from and edge to a 
central cobalt. Acetate ligands bridge the two outlying cobalt atoms. The salicylazine 
and jssalicylideneaminOmethy14methylpb0)(0 ligands chelate the central two 
and outlying pair of cobalt atoms (Figure 1. 14). 
0—Co 
Co-0 
Figure 1. 14 Binding modes of salicylazine and bi
ssaIicy1ideneamifl0methY14methYlP1b0)(0 
In the remaining hexanuclear complexes the metal atoms do not form well-
defined polyhedra. In the complex [M6Cu2(OH)4(mhP)2(02CPh)IO(1P)4(H20)21 
(M = Co or Ni) the complex may be viewed as consisting of triangles of metals 
bridged by hydroxide groups (Figure 1. 15).' 
Figure 1. 15 [M6Cu2(OH)4(tflhP)2(02CPh)lo(HflThP)4(H20)2] in which M = Co or Ni 
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At the centre of the complex is a [M4(OH)216-  bitriangular unit whose outer 
two cobalt atoms form hydroxy centred triangles with a cobalt and copper atom. The 
mhp groups chelate one copper and bridge to a cobalt or nickel atom and the Hmhp 
and water molecules co-ordinate terminally. The benzoate ligands bind in three 
distinct modes: t312-bridging, .t2q2-bridging and terminally. 
In [C06Ru2(merc)i o((Bu)3P)6] (mere = Mercaptophenolato) the ligands display 
less variety in their binding modes. There is a central linear tetranuclear fragment 
with Ru - Co subunits at each end. Six mercaptophenolato groups chelate a cobalt 
atom and bridge to a cobalt via the oxygen atom and a ruthenium via the sulphur 
atom. The remaining four chelate the end cobalt atoms and bridge to a ruthenium via 
the sulphur atom. Tri-butyl phosphine molecules bond terminally to all bar the 
central two cobalt atoms. 
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Heptanuclear Complexes 
The most common topology for heptanuclear complexes is where the metal 
atoms form two staggered, coplanar triangular faces with another metal lying at the 
centre of the two triangles, as in [Ni7(chp)12(MeOH)61.2C1 (Figure 1. 16).16 
Figure 1. 16 [Ni7(chp)12(MeOH)6].2C1 
In [Ni7(chp)1 2(MeOH)6] .2C1 chp ligands chelate a triangular nickel atom and 
bridge to either a central or face nickel atom. The MeOH molecules complete the co-
ordination sphere of the face nickel atoms. [Ni7(OH)2(chp)12(MeOH)61 is a related 
complex, but 1i3-OH groups bridge the face nickel atoms which now have 
asymmetric co-ordination spheres. All form bonds to a chelating chp, bridging [t3-
OH and 2-chp groups, the final two bonds for the three nickel sites are made by two 
MeOH, 1 MeOH and a t2-chp and a chelating chp. 
In [C07(0)2(02CMe)lo((OEt)3P)21 the central and face cobalt atoms are linked 
by two t4-oxide species and four p3-acetate groups.'7  The other acetate groups 
bridge two face cobalt centres and the triethyiphosphine oxide molecules bond 
terminally. 
A complex in which the metal atoms are colinear is [Ni7(tpt)4(Cl)2] (tpt = 
tetrakis(2-pyridyl)triamifle), in which tpt groups bridge all seven nickel sites.'8  
Chloride anions bond to cobalt sites at each end of the chain (Figure 1. 17). 
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Figure 1. 17 [Ni7(tpt)4(C1)2] 
A central linear unit is also found in [Co7Na2(dmf)12(merc)8] (dmf = dimethyl 
formamide).'9 
Figure 1. 18 [Co7Na2(dmf)12(merc)8] 
The central three cobalt atoms lie linearly, with triangular arrangements of one 
sodium and two cobalt centres at each end of the complex. Four mercaptophenolato 
molecules chelate two of the outer cobalt sites, the rest chelate a cobalt centre and 
bridge to another metal atom via the oxygen. All dmf molecules bind terminally. 
The complex [c07(oR)2(02CPh)4(chp)8(MeCN)1 continues the range of cages 
with pyridonate based ligands (Figure 1. 19).20 
24 
Figure 1. 19 [C07(OH)2(02CPh)4(chp)8(MeCN)] 
The metal sites may be described as a tetrahedron and a square based pyramid 
sharing an edge with t3-OH groups bridging the five pseudo-coplanar cobalt atoms. 
The geometries of the metal sites are irregular, four cobalt centres are in distorted 
octahedral environments and the remaining three are five co-ordinate, but two have 
longer contacts of 2.4 A to chp groups which would form irregular octahedra. 
While the binding modes of the chp groups are difficult to interpret all benzoate 
ligands bridge two cobalt sites and the acetonitrile molecule binds terminally. 
The remaining heptanuclear complexes are more difficult to describe in terms 
of the geometrical relationships between the metal atoms. A complicated 
heterometallic cage [C07Cu2(OH)2(chp)10(02CMe)61 has six and five co-ordinate 
cobalt atoms and five co-ordinate copper atoms, all of which lie in distorted 
environments. 2' Acetate groups bridge adjacent metal sites and chp groups bond in a 
variety of different modes in a complex structure. The final complex 
[Ni7(OH)4(NO2)8(daPH)2(dap)2] (dapH = 1 ,3-diamino-2-propanOl and dap = anion of 
dapH) is unusual by nature of the co-ordinated nitrite groups which are j.i212-bonding 
through the nitrogen and one oxygen atom. The dapH and dap ligands form two five 
membered chelate rings with nickel atoms. 
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Octanuclear Complexes 
In the majority of octanuclear complexes the metal atoms form cubes or linked 
cubanes with oxide or hydroxide ligands. The first cube based complex synthesised 
liCo8(CN)12(tacn)81.l2pt0SYlate (tacn = 1,4,7-triazacyclonOnafle) has an intriguing 
22 
structure described as a molecular prussian blue analogue (Figure 1. 
Figure 1. 20 [Co8(CN)12(taCfl)81. 1 2p-tosylate 
Each tacn group forms three five membered chelate rings to a cobalt atom and 
cyanide ligands bridge two cobalt centres along a cube edge. 
In the nickel cube [Ni8(viol)lo(viOlH)2}.4K (viol = 
hydrogen violurato, violH = dihydrogen violurato) each 
violurato ligand chelates two nickel sites along a cube edge 
/
0 (Figure 1. 21).23 
Ni 	— 0  
Figure 1. 21 Bonding mode of violurato groups 
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The cobalt sites form three face sharing cubanes with oxides in 
[C0804(02CMe)6(OMe)4(H20)4C 14]24 	and 	[C0804(OH)4(02CMe)6(bbiPYe)2]25  
(bbipye = 1,2bis(2,2'biPYrid6-Y1)ethane) (Figure 1. 22). 
Figure 1. 22 [Co804(OH)4(02CMe)6(bbiPYe)2].2 °4 
Both complexes have a central [C04041 4+ core with outlying cobalt and oxygen 
atoms from hydroxy or methoxy groups that make up the tricubane topology. Acetate 
ligands bridge adjacent cobalt atoms and the only difference between the two cages 
lies in the co-ordination sphere of the outer cobalt sites. In the former complex water 
and chloride molecules bind terminally while in the latter bbipye molecules chelate 
each of the end cobalt sites. 
A [C0404]4  core is also present in [Co
804(02CPh)12(H20)(MeCN)3] but in 
this cage the oxide atom cube vertices are capped by a Co(II) centre. 26 Benzoate 
ligands bridge centre and outer cobalt sites and acetonitrile and water molecules 
bond terminally to the outer cobalt atoms. 
The only octanuclear wheel [Co8(02CMe)8(OMe)161.N144.PF6 wheel has the 
ammonium cation at the centre of the wheel, with methoxide and acetate groups 
bridging adjacent cobalt atoms (Figure 1. 23).27 
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Figure 1. 23 [Co8(02CMe)8(OMe)16] .N 1-l4.PF6 
The final octanuclear complex [Ni8(OH)2(cit)6(H20)21.1  ONMe4  (cit = citrate) 
28 
has nickel atoms forming two symmetry equivalent tetrahedra (Figure 1. 24). 
Figure 1. 24 [Ni8(OH)2(cit)6(F120)2]. I ONMe 
The tetra-anionic citrate groups bond in two modes: four chelate three different 
nickel atoms and two chelate the same nickel site twice and bridge three more. The 
t3-011 and tl-H20 bond in modes commonly observed in other cages. 
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Nonanuclear Complexes 
Unlike hexanuclear and octanuclear species, no topologies dominate 
nonanuclear complexes. Two complexes have been synthesised with 6-chloro-2-
pyridonate ligands, [Cog(chp)181 and {Ni9(OH)2(chp) 16(MeCN)2] (Figure 1. 25). 
29 
Figure 1. 25 [Ni9(OH)2(chp)16(MeCN)2] 
Each complex may be described as two subunits sharing a metal atom capping 
a face. In the nickel cage the subunits are butterflies, and in the cobalt cage they are 
tetrahedra. In the nickel cage the hydroxide groups bridge three atoms of a butterfly 
and chp groups chelate and bridge metal sites. In the cobalt cage all chp ligands bond 
in equivalent modes, chelating one metal site and bridging to another. 
The metal atoms form a more regular polyhedra in [Co9(OH)2(02CMe)8(dPk)41 
(dpk = di-2-pyridylketone) (Figure 1. 26).
0 
 
Figure 1. 26 [C09(OH)2(02CMe)s(dPk)4] 
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II 	 Ni 
N I / 
NO\  
The cobalt atoms form a slightly staggered centred rectangular prism. The 
central cobalt site rests in an unusual eight co-ordinate geometry, all other cobalt 
atoms are in distorted octahedral environments. Each hydroxide group bridges four 
cobalt atoms and acetate groups bridge two metal centres along the edges of the 
prism. The dpk groups chelate two cobalt sites and bridge three more. 
The remaining nonanuclear complexes are more difficult to describe as 
polyhedra or linked subunits. [Ni9(OH)6(mpeo)lo(H20)61.2C104 (mpeo = 1-(2-(6-
methylpyridyl))ethanOne oximato) may be viewed as metal atoms forming two 
staggered triangles with a metal centre lying between them. 3' Two additional nickel 
sites form a triangle with the central atom that lies parallel to the previous triangles. 
But it is clear the nickel sites do not form well-defined polyhedra. 
The mpeo groups bond in two modes. All 
chelate one nickel site via the nitrogen donor 
atoms, four bridge two more via the oxygen atoms 
and six only bridge one nickel with the oxygen 
atoms (Figure 1. 27). 
Figure 1. 27 A bonding mode of 1(2(6methyIpyridY1))ethafl0fle oximato 
The nickel atoms do not form a polyhedron in the final nonanuclear cage, 
[Ni903(OH)3(tma)12(tmaH)41 (tma = trimethyl acetate, tmaH = trimethyl acetic acid) 
(Figure 1. 28).32 
Figure 1. 28 [Ni903(OH)3(tma)12(tmaH)41 
30 
The tma groups bond in a variety of modes, bridging two to four metal atoms. 
Oxide and hydroxide bind four and three metals respectively. 
31 
Decanuclear Complexes 
The majority of decanuclear cobalt and nickel complexes found are formed 










Table 1. 1 Cobalt and nickel decanuclear complexes with pyridonate and carboxylate ligands 
In complexes I - III the metal atoms form a centred tricapped trigonal prism 
(Figure 1. 29). 
Figure 1. 29 Full structure of III and metal vertices only 
Complexes I - III have a M1o(OH)6(xhP)6(02CR)612  core. The hydroxide 
groups bridge centre, edge and cap metal atoms. Each mhp group chelates an edge 
metal atom and bridges to the equivalent edge on the other face and a cap atom. Six 
carboxylates bridge cap and edge metal sites. 
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So all cap metal atoms form bonds to two i3-01-1, two p.3-0(xhp) and two ji-
0(02CR) donor atoms. The edge metal atoms are always chelated by a pyridonate 
ligand and form bonds with bridging pyridonate, hydroxide and carboxylate groups. 
The bonds that complete the octahedral co-ordination sphere of the edge metal atoms 
vary between solvent, chloride, carboxylate and pyridonate ligands. 
The metal atoms present in complexes IV - VI adopt a very different topology 
and may be described as occupying ten vertices of a centred tetraicosahedron (Figure 
1.30). 
Figure 1. 30 [Ni10(OH)4(mhP)10(02CCMe3)6(H20)2] and metal atoms only. Empty 
vertices of a centred tetraicosahedron have been inserted in grey. 
In IV - VI the mhp ligands adopt three different binding modes: chelating one 
metal and bridging two more, chelating one metal and bridging another and bridging 
two metal sites with the oxygen and binding another via the nitrogen. All hydroxide 
and water molecules bind in J.13- and p1-modes respectively. The trimethyl acetate 
ligands all bridge two metal centres. 
Ligands which chelate and bridge metal sites are also prominent in 
[NilO(sho)5(bpko)3(cpa)2(H20)(MeOH)31 (sho = salicylhydroxamato, bpko = 
bis(pyridyl)ketone oxime and cpa = chlorophenoxyacetatO).34  The metal atoms form 
two slightly staggered centred squares. Both the salicyihydroxamato and 
bis(pyridyl)ketone oxime groups chelate two metal sites and bridge to up to four 






Figure 1. 31 Chelation modes of sho and bpko groups. The oxygen donors of sho and bpko bridge 1 - 
4 and 1 —2 more nickel sites respectively. 
The methanol and chiorophenoxyacetatO ligands bond in terminal and 1,3-
bridging modes respectively. 
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Undecanuclear Complexes 
A series of complexes with pyridonate and carboxylate groups have been 
synthesised, the majority of which have the [M1o(OH)6(Xhp)6(02CR)612 core 
observed in the cup decanuclear complexes with an additional metal site capping a 




[N 1 1(OH)6(chp)9(02CPh)6(Et0H)31[Ni(d1P)31 IX 
Table 1. 2 Undecanuclear complexes forming tetra capped trigonal prisms 
Figure 1. 32 [Ni, 1(OH)6(mhp)9(02CMe)7(HmhP)21 VII 
The [M1o(OH)6(xhp)6(O2CR)612  core has the same connectivity discussed 
earlier. The trigonal cap metal site is chelated by three xhp ligands that bridge to 
each of the nickel sites of a trigonal face. The other vertex metal atoms complete 
their co-ordination sphere with contacts to Hmhp and acetate groups. 
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Complexes VIII and IX differ from VII in the identities of the ligands that co-
ordinate the vertex metal sites at the free trigonal face and the species that co-
crystallises forming hydrogen bonds. In VIII two equivalent undecanuclear cages 
hydrogen bond via the water molecules bonding to the vertex nickel sites of the free 
trigonal face. Complex IX has a [Ni(chp)31-  anion hydrogen bonded to the ethanol 
molecules covering one trigonal face. 
In the final undecanuclear complex the metal sites form a central [Ni6(OH)6]6 
core of two face shared cubanes with four satellite [Ni(mhp)31' subunits (Figure 1. 
33). 
Figure 1. 33 [Ni t 1(OF1)6(mhp)15(HfllhP)(H20)C11 
Nine mhp groups bridge central nickel centres, the other six merely chelate an 
outer nickel. Chloride and Hmhp groups bond terminally to cubane nickel sites. Each 
of the outer nickel atoms is found in afac geometry. 
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Dodecanuclear and higher nuclearity Complexes 
Complexes of dodecanuclearitY and above are rare. The complex that inspired 
the research that led to the synthesis of the deca- and undecanuclear cobalt and nickel 
pyridonate complexes is {Co12(OH)6(mhp)12(02CMe)6135  a dodecanuclear cobalt cage 
which may be described as a pentacapped trigonal prism (Figure 1. 34). 
Figure 1. 34 [Co1 2(OH)6(mhp) 12(MeCO2)61 and metal atoms only 
The [Mio(OH)6(xhP)6(02CR)612  core present has the same connectivity 
observed in complexes I - III and VII. Each cobalt atom that caps a trigonal face is 
chelated by three mhp groups, which also complete the coordination sphere of the 
vertex metal sites. This complex established pyridonate and carboxylate ligands as a 
synthetic strategy for cobalt cages, which was then extended to include other 
transition metals. 
[M12(chp)12(02CMe)12(THF)6(H20)61 (M = Ni or Co) continues the range of 
high nuclearity metal wheels. 36 Acetate groups adopt two binding modes: bridging 
two nickel sites along the outside of the wheel and three along the inside. Water and 
chp ligands bridge adjacent nickel centres via oxygen donors and THF molecules 
bind terminally. 
In [Coj 2(OH)4(chp)i g(Hchp)2(Cl)2(MeOH)2137  the metal atoms are in two 
[C0403Cl] cubes that form part of a non-planar eight membered ring (Figure 1. 35). 
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Figure 1. 35 [C0]2(OH)4(chP)18(HChP)2(Cl)2(Me°F)21 and core 
The non-metallic cube vertices in [C0403Cl] are oxygen atoms derived from 
one chp and two hydroxide groups and a chloride anion. The remaining chp ligands 
bridge the cubes with the other metal atoms and the other ligands binding terminally. 
[Co13(OH)2(ChP)20(Phth)2] (phth = the dianion of o-phthalic acid) may be 
thought of as two heptanuclear cobalt pyridonate subunits (Figure 1. 36)?' 
Figure 1. 36 [C013(OH)2(chP)20(Phth)2] 
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The chp groups adopt a variety of bonding modes: chelating one metal centre 
and bridging one or two more and bridging two metal sites via oxygen and nitrogen 
atoms. The phthalate groups bridge four cobalt atoms, two from each subunit and 
with two chp ligands hold the heptanuclear fragments together. 
The highest nuclearity nickel complex reported also includes phthalate 
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dianions and may be described in terms of linked subunits (Figure 1. 37). 
Figure 1. 37 [Nii6Na(OH)2(chp)4(phth),o(phthH)2(OMe)10(MeOH)20I 
A central sodium octahedon is linked to four [N404] cubanes in which the 
oxygen atoms are derived from a phthalate and two chp groups and either a 
hydroxide or methoxide ligand. A phthalate group oxygen atom caps each triangular 
face of the sodium octahedron. While alkali metals have been observed in many of 
the cages discussed they were in close proximity or part of the transition metal 
assembly, not as a complete polyhedra linked via multidentate ligands. 
The 	highest 	nuclearity 	cobalt 	complex 	synthesised 	
is 
[CO24(OH)18(OMe)2(mhP)22C161 which unlike the many complexes of linked subunits 
can be viewed as being composed of a core of cobalt hydroxide (Figure 1. 38). 
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Figure 1. 38 [CO24(OH)l8(0Me)2(mhP)22C16] 
The structure consists of [CO3(OH)4]2  cubes lacking a vertex, in some 
instances one hydroxide is substituted by a methoxide or chloride ligand. The mhp 
groups bond via a variety of modes on the periphery of the assembly. Given that this 
complex is almost double the nuclearity of the next largest cobalt cage it raises the 
question of whether attempting further hydrolysis reactions would be a fruitful route 
of high nuclearity complexes. This has proved a successful route for iron. 
40 
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1.4 Novel Magnetic Properties of High Nuclearity 
Complexes 
A driving force behind the work of groups synthesising high nuclearity 
complexes is an interest in their magnetic properties. A complex which initiated a 
great deal of research and is an excellent example of why this interest exists is 
[IVtn12012(02CMe)6(H20)4] (Figure 1. 39)41 
Figure 1. 39 [Mn12012(02CMe)16(H20)4] Mn(IV) atoms in blue, Mn(Ill) atoms in red 
The complex consists of a [Mn404]8  cubane core in which the manganese 
centres are in the tetracationic form. Mn(IV) atoms bond to three non-cubane oxide 
ligands which each bridge to two Mn(III) atoms. Acetate ligands bridge adjacent 
Mn(III) centres and four water molecules bind terminally to Mn(III) atoms. It was 
only relatively recently that the magnetic properties of Mn12-ac were revealed to be 
remarkable. 42 At low temperature the complex displays a high spin ground state of S 
= 10, consistent with Mn(III) (eight S = 2 centres) and Mn(IV) (four S = 3/2 centres) 
atoms coupling ferrimagnetically. 
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The separation of the spin magnetic (ms) levels is proportional to DS2 where D 
is a zero field splitting or anisotropy energy parameter. The D parameter breaks the 
energy of all the in, states in a zero magnetic field, the negative D value present in 




Figure 1. 40 Schematic drawing of the double energy well for Mn12-ac. The dashed line indicates the 
effect of the application of a magnetic field in the positive direction. 
Application of a magnetic field removes the symmetry of the potential wells, 
occupancy of one well becomes more favourable than the other. A field of sufficient 
strength at a low temperature will ensure that each Mn12-ac molecule is fully 
magnetised in the same direction. At low temperature the sample magnetisation 
relaxes slowly, giving rise to hysteresis (Figure 1. 41 ).44,45,46 
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Figure 1. 41 Magnetisation hysteresis loops of a single crystal of Mn12-ac at 1.77, 2.10 and 2.64 K. 
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Hysteresis of bulk magnets results from motion of domain walls, however 
Mn12-ac displays hysteresis which is molecular in origin leading to it being described 
as a single molecule magnet. The relaxation of the magnetisation occurs in two 
different rates, as observed by the steps present in the hysteresis. The steps occur at 
regular intervals of H, which are directly proportional to D at approximately 0.45 
Tesla. In the steep regions the rate of relaxation is roughly two orders of magnitude 
quicker than on the flat regions. The relaxation process for the steep regions has been 
assigned to resonant quantum tunnelling (Figure 1. 42). 
a 
Initially the energy wells are degenerate 
(Figure 1. 42a.) and when a magnetic field that is 
not a multiple of 0.45 Tesla is applied one well is 
lowered in energy and the ms levels do not 
resonate (Figure 1. 42b.). The slow relaxation of 
the flat areas of the hysteresis curve are observed 
when this is the case. However if a field that is a 
multiple of 0.45 Tesla is applied the ms levels of 
the two wells resonate and the quicker relaxation 
of the steep areas of the hysteresis curve is 
observed (Figure 1. 42c.). This is when 
tunnelling through the barrier is believed to 
occur. 
Figure 1. 42 Schematic drawing of the double energy well of Mn12-ac 
The unusual properties displayed by Mn12-ac led to an interest in the synthesis 
of other high nuclearity complexes. Other dodecanuclear47' 
48, ' and lower 
nuclearity50' 51, 52 manganese complexes and some iron, 53,  55 chromium 56, 
57, 58 and 
vanadium 59 cages behave as single molecule magnets. The synthesis of more single 
molecule magnets may lead to a better understanding of their unusual properties 
which in turn may allow us the ability to control the magnetic properties of a 
synthesised complex. 
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I .5 Complexes with Triphenylacetate 
The majority of previously synthesised complexes with tpa are dinuclear with 
four tpa groups co-ordinating the two metal centres, their oxygen atoms forming an 
equatorial plane around each metal atom (Table 1. 3). 
Type and number of 
Metal terminal ligand(s) 
Chromium Pyridine (1)60 
Diethyl Ether (2 )60 
None 60,61 





Dimethyl Pyridine (2)65 
Molybdenum None 66 
Ruthenium 
H20 and EtOH (1 
each )66 
None 66 






I/° I/°  




P 	Ph 	Ph 
Ph 
Table 1. 3 Summary of [M2(tpa)4(L)2] in which the tpa group oxygen atoms form equatorial planes 
around each metal centre. L = a terminal donor group which is sometimes omitted 
An oxo-centred manganese dinuclear complex has been synthesised in which 
two tpa ligands co-ordinate cis to each other and two trispyrazolyl borate groups 
form three bonds cis to each other (Figure 1. 43)68 Similar oxo- and hydroxo-centred 
iron dimers have been synthesised in which trimethyl triazacyclononane ligands 
fulfil the same function as the trispyrazolyl borate groups. 69 The only other dinuclear 
complex formed with tpa is [Mn2QI2-tpa)2(tl-tpa)2(H20)41fl70 in which two tpa groups 
chelate one manganese centre (Mn 1). One of the remaining tpa groups bridge from 
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that metal centre to the next (Mn2) and the other links to a Mn2 in the next 
asymmetric unit. The four water molecules bond terminally to Mn2. 
Figure 1. 43 [Mn20(tpa)2(L)2] where L = tris( I -pyrazolyl)borate 
Two mononuclear complexes have been synthesised with tpa, in each two tpa 
molecules chelate the metal centre. In the first the tpa group oxygen atoms form an 
equatorial plane around a copper atom and two pyridine groups lie trans in the 
remaining co-ordination points. 63  In the second a molybdenum atom forms bonds to 
But phenylimido  and But-methylene groups, which lie cis so only two tpa oxygen 
atoms are trans. 71 
The highest nuclearity complex synthesised with tpa is a tetranuclear 
manganese complex (Figure 1. 44)fl The manganese atoms exist in two 
environments; MnI atoms lie at each end of the Mn402 core with two Mn2 atoms at 
the centre. The Mnl and Mn2 atoms are found in trigonal bipyramidal and square 
based pyramidal geometries respectively. The oxide groups each bridge both Mn2 
atoms and one Mnl atom. The tpa ligands bridge Mn2 and Mnl and Et20 groups co-
ordinate terminally to Mnl atoms. 
45 
Figure 1. 44 [Mn402(tpa)6(Et20)2] 
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1.6 Summary 
Certain high nuclearity complexes display highly unusual magnetic properties, 
but the challenge to create them is not the only one that faces researchers in this field. 
The goals of gaining an understanding and control of the magnetic properties are also 
important. One approach to try and achieve these is to gain a structural control of the 
complexes and determine the relationship between structural and magnetic 
properties. 
A survey of the cobalt and nickel cages establishes a number of complexes that 
have related topologies e.g. wheels, cubes and trigonal prisms. Alteration of the 
ligands that form these cages may help to identify under which conditions these 
topologies are preferred. 
Triphenylacetate is a promising ligand for use in attempted syntheses of cobalt 
and nickel cages. No complexes have been published with triphenylacetate bonding 
to cobalt or nickel, and less than twenty complexes have been synthesised with it and 
any metal. However a tetranuclear manganese complex shows that it can be 
incorporated in complexes of a greater nuclearity than binuclear. 
The goal is to determine under what conditions triphenylacetate will form high 
nuclearity complexes. The properties of these complexes can be compared with 
previously synthesised complexes to attempt to discover what similarities exist. 
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Chapter 2: Low Nuclearity 
Complexes with Tri phenyl acetate 
48 
2.1 Abstract 
Reactions of sodium triphenylacetate with the chloride salts of cobalt and 
nickel were completed to establish whether triphenylacetate could form high 
nuclearity complexes. The reactions led to tetranuclear complexes crystallising from 
methanol in which the metal atoms adopt a distorted octahedral geometry and occupy 
four vertices of a cube. The oxygen atoms of methoxide groups that form in situ fill 
the remaining vertices. While the synthesis of low nuclearity complexes was not the 
primary aim of the research, the tetranuclear complexes produced mark an interesting 
change to trinuclear complexes previously observed for nickel and cobalt with other 
carboxylates in related reaction schemes. 73' ', ' The reaction scheme was expanded 
to include other metals in an attempt to determine if triphenylacetate would form 
tetranuclear complexes of the same topology. 
In the reaction of zinc chloride and the sodium salts of triphenylacetate and 6-
methyl-2-pyridone a zinc mononuclear species forms. It is only with the direct 
addition of sodium methoxide that an equivalent zinc tetranuclear complex is 
synthesised. In contrast cadmium reacts with sodium triphenylacetate to produce 
heterometallic trinuclear complexes with sodium or potassium. The cadmium adopts 
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Ligands that bond to metal centres 
in heterocubanes can be broken down into 
four common categories: bridging three 
metals at a vertex of the cube (Lv), 
bridging two metals across a cube face 
(LB) chelating one metal (La), and 
bonding terminally to one metal (LT) 
(Figure 2. 1). 
Figure 2. 1 Schematic diagram of the most commonly occurring ligand bonding modes in cubanes 
A survey of existing cobalt and nickel oxygen based cubane crystal structures 
reveals many similarities that allow them to be discussed together but the less 
common zinc and cadmium cubanes are best considered separately.76' 77 Cubanes 
with methoxide oxygens that occupy the non-metallic vertices have been well 
established for cobalt78' 79, 80, 81 and nickel82' 83, 84, 85, 86, 87, 88, 89• Hydroxide oxygen 
atoms can also fill the vertices for either metal90' 91,92 however oxide cube vertices 
have only been established for cobalt. 90, 93, 94, 95 The remaining cubanes derive their 
non-metal vertices from ligands that donate one oxygen to bridge three metal atoms 
and use other donor atoms to form 5- or 6-membered chelate rings. These ligands are 
often based on pyridyl96' 91, 91 or pyrazole99 groups but catecholate'°° groups and 
amino-diolates'01  may also adopt the same binding mode. One of the most 
remarkable nickel cubanes synthesised is one with two Schiff base macrocyles 
circling two of the faces of the cubane (Figure 2. 2).102 
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Figure 2. 2 [Ni4(02CMe)2L2] (L is the dianion of the condensation product of I ,3-diaminopropane 
and 2,6-diformyl-4-methylphenOl). 
In this complex the macrocyle is acting as a 16, p1 ligand and the co-ordination 
sphere of the metals is completed by a 1,3-bridging acetate group. 
Whatever the origin of the vertex oxygens the other ligands that bond to the 
metal centres can be broken into specific categories. There are only two reports of 
molecules that form three perpendicular bonds to a metal site to cap a metal face, 
possibly because these groups tend to be bulky and may overcrowd the cube. 
92,93 In 
contrast to the many 5- or 6-membered chelate rings found, 4-membered rings are 
less common and only formed with at least one non—oxygen donor atom. 
81, 98 
Ligands bridging two metal sites across a cube face are primarily carboxylates78' 82' 90' 
94,95 with only one example of another group filling this function reported. This is a 
thiazolidine group with a thiol side chain that makes nickel sulphur bonds rarely 
observed in oxygen-based cubanes.90  The remaining ligand types are typically small 
terminal molecules which complete the co-ordination spheres of the metal centres 
without developing inter ligand repulsions with the larger bridging or chelating 
groups. Terminal ligands are very commonly alcohol or chloride groups but 
pyridyl,94'9° azide97  and other solvent species can perform the same flmction. 
Only four zinc - oxygen cubanes have been crystallised and they bear a 
marked difference to the nickel and cobalt species. In all zinc cubanes zinc adopts a 
tetrahedral geometry with methoxid&°3' 
104 or other alkoxide'°5' 106 groups supplying 
the oxygen vertices. Bonds to alkyl'05, si1y1106  or iron complexes 
103 complete the co- 
ordination sphere of the zinc atoms. 
Cadmium cubanes have been reported with the oxygen vertices derived from 
alkoxides'°7' 108 or hydroxides' 09  that have the cadmium in a tetrahedral environment 
with a terminal bond to an alkyl or aryl group. However in contrast to zinc a 
cadmium cubane has been synthesised with all cadmium atoms octahedrally bound 
and no organometallic bonds present.110  In this complex dihydroxylatophenyl bis- 
acetyliminopyridine groups each supply two vertex oxygens and form two further 5-
membered chelate rings to the three N-donors present. The remaining bonds are 
formed to 1,3-bridging acetate molecules. 
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2.3 Synthesis and Structure of [M4(OMe)4(tpa)4(MeOH)41 
M=Co1,MNi2,MZfl3 
The reaction of nickel chloride with Na(mhp) or Na(chp) and Na(tpa) in 
methanol for 24 hours produced a paste which was dried in vacuo for several hours. 
Recrystallisation from methanol produced crystals of 2 in a 4% yield by weight of 
metal after four weeks. The cobalt complex was synthesised by the analogous 
reaction with cobalt chloride, Na(chp) and Na(tpa) affording a 30% yield in the same 
timescale. The synthesis of 3 from zinc chloride and Na(tpa) required the addition of 
Na(OMe) in place of the Na(mhp) and a 25% yield by weight of zinc occurred after 
24 hours. Complexes 1 —3 are heterocubanes with a tetrahedron of metal atoms and 
methoxide oxygens forming a cube (Figure 2. 3). 
Figure 2.3 [M4(OMe)4(tpa)4(MeOH)41 M = Co 1, Ni 2, Zn 3 
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Each metal atom is six co-ordinate in a distorted octahedral geometry 
unsurprising for nickel and cobalt but less commonly observed for zinc. Two of the 
tpa groups bridge two metal atoms across opposite faces of the cube and the 
remaining two tpa ligands chelate the metal ions Ml and M4. Two terminal methanol 
groups complete each co-ordination sphere of M2 and M3. 
The average M - 0 bond lengths are shortest in 2 with little significant 
variation observed between 1 and 3 (Table 2. 1). The bond lengths depend strongly 
on the different ligands involved. The shortest metal - oxygen contacts occur 
between a metal and a bridging tpa group with the next closest observed with 
methoxide oxygens. The methanol molecules co-ordinate at greater distances, with 
the longest bonds occurring between the metal and the chelating tpa groups. 
Bond / complex I M = Co 2 M = Ni 3 M = Zn 
M - OMe 2.052(5) - 2.113(5) 2.033(2) - 2.061(2) 2.048(11)- 2.130(11) 
M - bridging tpa 2.044(5) - 2.088(6) 2.016(2) - 2.050(2) 2.055(13) - 2.099(11) 
M - chelating tpa 2.125(6) - 2.219(5) 2.097(2) - 2.179(2) 2.105(11) - 2.314(11) 
M - MeOH 2.099(6) - 2.118(6) 2.084(2) - 2.097(2) 2.116(12) - 2.148(12) 
Table 2. 1 Metal bond length ranges (A) with e.s.d.s in parenthesis for 1 -3 (full metal bond lengths 
in 7.1) 
The binding of the chelating carboxylates to the Zn sites are markedly more 
asymmetrical than to the equivalent Co and Ni sites. In 3 the two bonds to the 
chelating tpa vary by 0.21 and 0.15 A, for Zn(l) and Zn(4) respectively, while in 1 
and 2 cubanes these differences are less than 0.1 A. In 2 the bond length variance 
between the metal centres and each different ligand shows less variance than 1 and 3, 
although the explanation is unclear. 
The angles at the metal centres display a significant deviation from an 
octahedral geometry with the greatest distortion observed in Ml and M4 due to the 
chelating tpa groups that reduce the 0- M -0 angle (Table 2. 2). 
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Angle I complex 1 2 3 
OMe-M-OMe 86.10(19) -91.3(2) 85.90(7) - 89.92(7) 85.2(4) - 91.9(4) 
type 1  
OMe-M-OMe 79.11(19) - 80.5(2) 79.37(7) - 80.46(7) 79.5(4) - 81.8(4) 
type 2  
OMe - M - bridging 91.8(2) - 95.5(2) 92.15(8) - 95.25(7) 90.8(4) - 94.7(5) 
tpa (cis) 
OMe - M - bridging 168.83(19) - 171.2(2) 169.51(7) - 171.26(8) 168.2(4) - 171.0(5) 
tpa (trans) 
OMe - M - chelating 97.0(2) - 107.7(2) 97.58(7) - 106.96(7) 96.7(4) - 107.5(5) 
tpa (cis) 
OMe - M - chelating 162.7(2) - 167.5(2) 163.37(7) - 168.02(7) 160.3(5) - 166.2(5) 
tpa (trans) 
OMe -M-MeOH 92.8(2) - 99.6(2) 92.80(9) - 98.25(8) 92.7(5) - 99.5(4) 
(cis)  
OMe -M-MeOH 172.2(2) - 179.3(2) 172.83(8) - 178.49(8) 173.0(5) - 179.9(6) 
(trans) 
Bridging tpa - M - 87.8(2) - 89.2(2) 87.01(8) - 88.88(2) 87.3(5) - 88.9(5) 
chelating tpa  
Bridging tpa - M - 88.5(2) - 95.0(2) 89.28(2) - 94.16(2) 89.3(5) - 94.9(5) 
MeOH  
Chelating tpa - M - 59.7(2) - 59.9(2) 61.07(7) - 61.21(8) 58.5(4) - 58.7(5) 
chelating tpa  
MeOH - M - MeOH 85.7(2) - 87.0(2) 85.68(9) - 87.45(9) 86.4(5) - 87.3(4) 
Table 2. 2 Metal bond angle ranges (°) with e.s.d.s in parenthesis for 1 -3 (Full metal bond angles in 
the 7.1) 
The O-M-O angles involving two bridging methoxides fall into two groups. 
Where the two methoxides are those which bridge the M... M vector that is also 
spanned by a 1,3-bridging tpa (type 1) the angle is close to 900, varying from 85.2(4) 
to 91.9(4)'. The other O-M-O angles involving methoxides (type 2) are more acute, 
ranging from 79.11(19) to 81.8(4)'. All other O-M-OMe cis angles are greater than 
900, the greatest observed when the other oxygen atom derives from a chelating tpa 
group. The O-M-OMe trans angles display the corresponding decrease from an 
octahedral geometry, varying 160.3(5) - 179.9(6)° across 1 - 3. The bridging tpa - 
M - chelating tpa angles are regular, deviating from an octahedral geometry by less 
than 3°. Finally the MeOH - M - MeOH angles display only a small reduction from 
900 ranging 85.68(9) - 87.45(9)°. 
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2.4 Synthesis and Structure of 
[C04(OMe)4(tpa)4(MeOH)2(MeCN)2] 4 
The reaction of cobalt chloride with Na(mhp) and Na(tpa) in methanol for 24 
hours produced a paste which was dried in vacuo for several hours. Recrystallisation 
from a 2:1 ratio by volume of acetonitrile to methanol produced crystals of 
[C04(OMe)4(tpa)4(MeOH)2(MeCN)21 4, in a yield of 87% by weight of cobalt after a 
week. Complex 4 was recrystallised from a mixture of methanol and acetonitrile 
since previous reactions had established a structural dependency on the 
recrystallisation solvent chosen. 
73 While methanol had previously produced tn- or 
tetranuclear complexes acetonitrile often afforded cages of higher nuclearity." It 
was therefore hoped that while individually acetonitrile did not produce crystals a 
mixture of methanol and acetonitrile would allow a larger complex to form. While 
this was not the case 4 displays a structure distinct from 1 —3 (Figure 2. 4). 
Figure 2. 4 [C04(OMe)4(tpa)4(MeOH)2(MeCN)2] 4 
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In 1 - 3 one tpa ligand bridges the two metal centres chelated by a tpa group 
and the remaining tpa ligand bridges the two metal sites with terminal methanol 
molecules. However in 4 each bridging tpa group links one cobalt atom chelated by a 
tpa ligand and one cobalt atom with terminal solvent molecules (Figure 2. 5). 
tpa—,
,/-,  / Me 0 .M tpa Me 
tpa M 0 
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Figure 2. 5 Schematic diagram of the tpa bonding schemes in 1 —3 (left) and 4 (right). Solvent 
molecules are omitted for clarity. 
This has the effect of ordering the two acetonitrile molecules in a parallel 
arrangement, in contrast in 1 - 3 no methanol molecules lie colinearly. While 4 is 
structurally inequivalent to 1 the bond lengths in the two complexes are closely 
related (Table 2. 3). 
Cobalt - OMe 2.060(4) - 2.107(4) Cobalt - bridging tpa 2.045(4) - 2.083(5) 
Cobalt - chelating tpa 2.145(4) - 2.197(4) Cobalt - MeOH 2.089(5) - 2.103(4) 
Cobalt - MeCN 2.141(6) - 2.151(6) 
Table 2. 3 Selected bond lengths ranges (A) with e.s.d.s in parenthesis for 4 (full metal bond lengths 
in the 7.2) 
As in 1 the shortest cobalt - oxygen bonds are those between cobalt atoms and 
bridging tpa ligands followed closely by those to methoxide groups. The cobalt - 
methanol bonds fall in a similar range to those found in 1 with contacts to the 
acetonitrile groups found to be longer. While the cobalt bonds to the chelating tpa 
groups in 4 have a similar range to those observed in 1 the asymmetry at the metal 
centres is less. At the chelated metal centres in 1 the distances to the chelating tpa 
group oxygens differ by 0.081(9) and 0.091(8) A, for 4 the distances differ only by 
0.052(6) and 0.010(6) A. The angles at the metal sites in 4 show a similar pattern to 
those in 1 (Table 2. 4). 
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OMe -Co-OMe87.21(20) - 88.76(17) OMe-Co-OMe 80.08(17) - 80.84(17) 
type 1 type 2  
OMe - Co - bridging88.71(20) - 94.28(20) OMe - Co - bridging 168.62(20) - 
tpa (cis) tpa (trans) 	
-
171.09(17) 
OMe -Co-  96.55(17) - We - Co - chelating 160.98(16) - 
chelating tpa (cis) 110.62(16) tpa (trans) 170.94(17) 
OMe - Co - MeOH 94.17(20) - 96.86(17) OMe - Co - MeOH 172.18(19) - 174.32(20) 
(cis)  (trans) 
OMe - Co - MeCN 88.20(17) - OMe - Co - MeCN 176.40(18) - 
(cis) 100.00(17) (trans) 176.70(18) 
Bridging tpa - Co - 88.33(16) - 90.55(16) Bridging tpa - Co - 89.78(20) - 92.80(19) 
chelating tpa  MeOH  
Bridging tpa - Co - 90.50(17) -91.40(17) Chelating tpa - Co - 60.84(16) -61.04(16) 
MeCN  chelating tpa 
MeOH - Co - MeCN 86.70(16) - 87.30(16) 
Table 2. 4 Metal bond angle ranges (°) with e.s.d.s in parenthesis for 4 (Full metal bond angles in the 
7.2) 
The greatest deviation from an octahedral geometry is observed at the metal 
centres chelated by a tpa group. The O-M-O angles involving two bridging 
methoxides can be categorised in the same manner as those occurring in 2. The two 
methoxides which bridge the M... M vector that is also spanned by a 1,3-bridging tpa 
(type 1) have angles at the metal close to 900.  The other O-M-O angles involving two 
methoxides (type 2) are more acute, all under 81°. The other O-M-OMe cis angles 
are predominantly greater than 900 reducing the trans angles from 1800 to 160.98(16) 
- 176.70(18). 
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2.5 Synthesis and Structure of [Zn(tpa)2(MeOH)2] 5 
The reaction of zinc chloride with Na(mhp) and Na(tpa) in methanol for 24 
hours produced a paste which was dried in vacuo for several hours. Recrystallisation 
from methanol afforded crystals of 5 in a 26% yield by weight of metal. Complex 5 
was synthesised in an attempted preparation of a zinc cubane and the zinc atoms 
adopt a geometry that may be interpreted as intermediate between octahedral and 
tetrahedral (Figure 2. 6). 
Figure 2. 6 [Zn(tpa)2(MeOH)2] 5 
There are two structurally equivalent zinc monomers occupying the 
asymmetric unit. Each zinc atom forms two bonds to terminal tpa groups and two 
bonds to methanol molecules. The terminal tpa ligands form shorter contacts to the 
zinc atoms than those which bridge or chelate in 3, distances range from 1.925(13) - 
1.944(12) A (see 7.3 for full bond lengths). As expected in 5 the methanol molecules 
produce longer bonds than the terminal tpa ligands, but shorter than the methanol 
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zinc distances in 3 with lengths varying 2.003(12) - 2.033(12) A. In addition there 
are two longer contacts to the 2 nd  tpa oxygen of over 2.4 A. While greater than the 
sum of the van der Waal' s radii they may still represent an electrostatic attraction. 
The largest angles at the zinc atoms are the tpa - Zn - tpa angles which range 
130.9(5) - 131.5(5)'. This forces the MeOH - Zn - MeOH angles to be more acute at 




2.6 Synthesis and Structure of [CdM2(tpa)4(MeOH)] x 
=7 and M = Na6,x8and M = K7 
The reaction of cadmium chloride and Na(mhp) and Na(tpa) in methanol for 
24 hours produced a paste which was dried in vacuo for several hours. 
Recrystallisation from methanol produced crystals of [CdNa2(tpa)4(MeOH)7] in a 
yield of 20% by weight of cadmium. The inclusion of Na(OMe) affords the same 
product. When Na(tpa) and Na(OMe) are substituted by the potassium equivalents 
crystals of [CdK2(tpa)4(MeOH)81 are formed in a 26% yield by weight of cadmium. 
In 6 and 7 cadmium adopts an unusual 8-coordinate geometry (Figure 2. 7). 
Figure 2. 7[CdNa2(tpa)4(MeOH)7] 6. In 7 there is an additional MeOH group co-ordinated to the 2 
potassium atom. 
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The cadmium atoms are found in a distorted body centred cubic geometry 
chelated by the four tpa groups which each form a further contact to an alkali metal. 
Both potassium atoms in 7 are found in distorted octahedral environments but in 6 a 
sodium atom lies in a disordered trigonal bipyramidal geometry. As in previous 
complexes an asymmetry in the bond lengths of the chelating tpa group can be 
observed (Table 2. 5). 
Bond I Complex 6 7 
Cd - l2 0 2.406(3) - 2.440(3) 2.389(3) - 2.472(3) 
Cd - tl 0 2.374(3) - 2.400(3) 2.370(3) - 2.440(3) 
M - 2 o 2.264(3) - 2.693(4) 2.604(3) - 2.736(3) 
M—MeOH 2.242(3)-2.631(10) I 2.756(5)-3.052(4) 
Table 2. 5 Metal bond length ranges (A) for 6 and 7 (see 7.4 for full metal bond lengths) 
The cadmium - oxygen bond lengths are shorter for the l.L2-0 than the -O for 
all bar one tpa group in 7. Unexpectedly the MeOH - M and tpa - M bonds in 6 
occur in the same range while in 7 the MeOH - M distances are greater than the tpa - 
M distances. Irregularities are also observed in the angles at the metal centres (Table 
2.6). 
The angles present at the cadmium site in 6 and 7 follow the same patterns and 
for convenience may be discussed together. The bite angles of the chelating tpa 
groups lie in a range of 53.77(9) - 54.64(9)°, smaller than in complexes 1 - 4. The 
angles at the cadmium centres in which one donor atom is a p.2-0(tpa) species fall 
into two groups. The first group is composed of angles that are more acute than a 
regular cis angle, ranging 80.60(10) - 89.24(9)°. The second group consists of angles 
in two distinct ranges determined by if the second donor atom is 112-0(tpa) 
(120.64(9) - 124.28(9)°) or p.1-O(tpa) (137.13(9) - 143.04(9)°  ). The angles at the 
cadmium site between two t1-O(tpa) donor atoms lie in more obtuse ranges: 
87.06(11) - 95.90(10)° and 137.20(9) - 168.28(9)°. 
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Bond 6 7 Bond 
6 
01A-Cdl-0IB 83.26(9) 83.92(10) 0IAM-M1-01BM 88.9(2) 
95.88(13) 
0IA-Cdl-01 C 137.13(9) 139.23(10) 01AM-M1-01CM 
106.6(3) 104.16(11) 
01A-Cdl-01 D 124.28(9) 123.84(10) 01AM-MI-Ol D 
77.80(13) 71.21(9) 
01A-Cdl-02A 53.86(9) 54.15(9) 01AM-M1-OIDM 
150.9(2) 144.22(10) 
01A-Cdl-02B 121.97(9) 122.60(10) 0IAM-M1-02B 
82.84(12) 78.85(10) 
0IA-Cdl-02C 83.34(9) 85.29(9) OIBM-M1-0ICM 
84.1(3) 77.85(13) 
OIA-Cd1-02D 83.28(9) 84.74(10) 01 BM-M1-01 D 76.93(14) 
81.88(12) 
01 B-Cdl-OIC 95.41(10) 95.90(10) 0IBM-M1-01 DM 97.48(14) 
96.67(13) 
01 B-Cdl-01 D 142.61(9) 140.45(9) 01CM-MI-OlD 
160.6(3) 158.65(12) 
0IB-Cdl-02A 89.86(10) 90.24(10) OICM-M1-OIDM 
102.4(3) 111.20(11) 
01 B-Cdl-02B 5418(9) 53.77(10) 01CM-M1-02B 
115.3(3) 123.18(12) 
0IB-Cdl-02C 83.92(9) 84.86(10) 01D-M1-OIDM 
76.07(11) 77.60(9) 
0IB-Cdl-02D 162.75(9) 165.71(10) 0ID-M1-02B 
83.90(11) 77.12(9) 
0IC-Cdl-01 D 80.79(10) 80.60(10) 01 DM-M1-02B 
81.78(11) 77.47(10) 
01C-Cdl-02A 168.28(9) 165.75(10) 0IA-M2-02AM 
134.68(13) 116.8(2) 
01 C-Cdl -02B 89.24(9) 87.42(10) 01 A-M2-O2BM 
86.89(12) 73.99(10) 
01 C-Cdl -02C 54.06(9) 54.26(9) 01A-M2-02C 
90.56(11) 76.01(9) 
01 C-Cdl-02D 87.19(10) 87.06(11) 0IA-M2-02CM 
85.71(11) 77.90(9) 
01 D-Cdl -02A 88.66(9) 86.47(9) 02AM-M2-02BM 
98.60(12) 71.1(2) 
01 D-Cdl -02B 88.47(9) 86.68(10) 02AM-M2-02C 
134.33(13) 137.16(14) 
0ID-Cdl-02C 120.64(9) 121 .47(9) 02AM-M2-02CM 
91 .44(12) 142.2(2) 
01 D-Cdl -020 54.64(9) 1 	53.82(10) 02BM-M2-02C 
88.01(12) 74.52(9) 
02A-Cdl-02B 85.36(9) 85.86(10) 02BM-M2-02CM 
1b9.91) i4.00kU.!) 
02A-Cdl -02C 137.20(9) 139.44(10) 02C-M2-02CM 
85.28(11) 78.56(9) 
02A-Cdl-02D 90.88(10) 90.14(10) 01A-M2-02DM 
- 138.99(11) 
02B-Cdl-02C 122.52(9) 121.42(10) 02C-M2-02DM 
- 122.59(11) 
02B-Cdl-02D 143.04(9) 140.48(10) 02AM-M2-02DM 
- 76.2(2) 
02C-Cdl-02D 83.85(9) 85.58(10) 02CM-M2-020M 
- 71.85(11) 
02BM-M2-02DM - 142.61(11) 
Table 2. 6 Metal bond angles (°) for 6 and 7 with e.s.d.s in parenthesis 
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The distorted environment of the cadmium sites may be partially due to the 
acute tpa chelate angle and partially induced by the bulky phenyl rings of the tpa 
groups. To allow the four tpa ligands to co-ordinate to the cadmium atom without 
generating steric repulsions the molecules may be forced to stagger themselves, 
forming more acute trans angles. 
All the alkali metal centres lie in highly distorted environments. The 6-co- 
ordinate metal atoms display a large variance in the cis and trans angles commonly 
observed in contacts to alkali metals. The 5-co-ordinate sodium atom is surprisingly 
in the most regular geometry; the greatest distortion caused by the tpa oxygen atoms 
forming an acute equatorial - equatorial angle of 90.56(1 1). 
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2.7 Discussion 
While the primary aim of the research undertaken was not to synthesise 
cubanes a great deal can be understood about tpa's ligation abilities from 1 - 4. 
While cubanes with alkoxide vertex oxygens and 1,3-bridging carboxylates are 
widespread those with four-membered chelate rings are not. Only two have been 
synthesised previously and neither had an all oxygen donor set. The most likely 
explanation for the inclusion of these strained rings is that tpa molecules are too 
sterically demanding to bridge metals on cis cube faces. 
The zinc cubane is the first zinc cubane with entirely octahedrally co-ordinated 
zinc atoms; every other zinc cubane has tetrahedral zinc atoms bound to carbon, 
silicon or iron. The ease of synthesis of 3 is surprising. To determine if tpa could 
form cubanes with 2' row transition metals the reactions which lead to 6 and 7 were 
carried out. It seems unlikely the same structures could be formed with any of the 
first row metals. The larger Cd2  ionic radius allows four tpa groups to chelate and 
cadmium adopts an extremely distorted body centred cubic geometry difficult to 
envisage for cobalt, nickel or zinc. In an attempt to introduce an alkali metal too 
large to fit into two ends of the Cd(tpa)42  dianion, potassium starting salts were used. 
However there is obviously too much flexibility for the change in the cationic radius 
of the alkali metal to destabilise the structure. 
In previous reactions between cobalt or nickel with pyridonates and 
carboxylates the products recrystallised from methanol were linear trimers 
{M3(chp)4(02CR)2(MeOH)61 where if M = Co then R = Me, if M = Ni R = Me, Ph, 
7374,75 
PhCH2, (Me)3C (Figure 2. 8).' 
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Figure 2. 8 [Ni3(chp)4(02CMe)2(MeOH)6] crystal structure 
Both carboxylate groups bridge end and central nickel atoms and lie in a trans 
arrangement about the central nickel. The chp groups bridge two nickel atoms via the 
oxygen and the methanol molecules complete the co-ordination spheres of the end 
metal sites. All nickel trimers have equivalent connectivities (Figure 2. 9). The 
primary deviations arise predictably from the variation of the carboxylate alkyl and 
aryl groups and the reorientation of the methanol groups that have an axis of free 
rotation. A degree of wagging of the pyridonate groups may also be observed. 
It may be the steric bulk of the tpa groups that prevents the formation of 
trimers and causes the creation of cubanes instead. A method of testing this 
hypothesis is to use molecular modelling simulations to investigate the repulsive 
close contacts that would arise if tpa groups were co-ordinated in a trimer. Only one 
cobalt trimer has been crystallised so only the nickel complexes were modelled to 
allow for more meaningful comparisons. 
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Figure 2. 9 [Ni3(chp)4(02CR)2(MeOH] crystal structures superimposed R = Me purple, R = Ph red, R 
PhCH2  blue and R = (Me)3C green. Carboxylate alkyl and aryl groups removed for clarity 
Molecular modelling treats atoms as balls and bonds as springs. Different 
equations are used to calculate stretching, bending, torsion and non-bonded 
interactions. An equation that describes the non-bonded energy of two atoms is 
called the Lennard-Jones 6-12 potential (Equation 2. 1 and Figure 2. 10). 
E= 	 12 
r, 	r, 	, 	, rY 
	
van der WaaI's term 	Electrostatic term 





r1 6 r'2 
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ij 
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Optimum energy 
.j  
Figure 2. 10 Diagram of the Lennard-Jones potential 
The terms highlighted in pink and blue in Figure 2. 10 describe the van der 
Waal's attraction and repulsion respectively. The value rij is the sum of the van der 
Waal's radii of the relevant atoms (van der Waal's radii used listed in Appendix 7.1); 
A and B are parameters which control the steepness and position of the potential 
energy well. The remaining terms in the Lennard-Jones 6-12 function describes the 
electrostatic contribution using a Coulombic potential, in which q denotes the atomic 
charge. The optimum energy in the potential is at the sum of the van der Waal's radii 
and the crossover from the attractive to repulsive regions occurs at the value of 0.891 
rij 
Existing nickel trimers were modelled using Universal Force Fields (UFF)'12' 
113, 114 and acceptable root mean square values were obtained for all trimers (Table 2. 
7). Only slight deviations in molecular alignments could be identified (Figure 2. 11). 
Complex  
Root Mean Square fit of crystal structure 





Table 2. 7 RMS fit values of crystal and modelled structures 
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Figure 2. 11 [Ni3(chp)4(02CR)2(MeOHI crystal (red) and modelled (green) structures 
Insertion of tpa molecules was made and the structure was minimised to 
calculate the most favourable alignment. A comparison of the minimised acetate and 
triphenylacetate complexes shows that the tpa phenyl rings force the pyridonate 
groups to rotate, bringing them closer together (Figure 2. 12). 
Figure 2. 12 Modelled nickel trimer with acetate (blue) and triphenylacetate (purple) 
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Analysis of the close contacts reveals 19 contacts of less than 0.910 r (Figure 
2. 13). While contacts of 0.910 rij  are not yet in the repulsive region of the potential 
well they are significantly shorter than the optimum distance. 
Figure 2. 13 [Ni3(chp)4(tpa)2(MeOH)6] modelled structure with contacts of less than 0.910 of the sum 
of the van der WaaI's radii of the two atoms highlighted 
0 - H and N - H contacts total eight and six respectively and they would be 
expected to have an appreciable electrostatic attractive contribution. C - H contacts 
number three and would involve relatively little repulsion due to the electron poverty 
of the hydrogen atoms. There would also be some degree of electrostatic attraction 
caused by bond polarity. Two C - C and one C - N complete the remaining contacts 
and these should be considered more carefully (Figure 2. 14). 
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Figure 2. 14 [Ni3(chp)4(tpa)2(MeOH)6] modelled structure with non-H contacts of less than 0.910 of 
the sum of the van der Waal's radii of the two atoms highlighted 
A favourable Coulombic interaction is unlikely and carbon and nitrogen atoms 
are considerably more electron dense than hydrogen atoms. These close contacts are 
not observed in any trimers or 2, whose only atom - atom distances of 0.9 10 rij are C 
- H and 0 - H (Figure 2. 15). While not conclusive the modelling studies are 
consistent with the hypothesis of tpa being too bulky a ligand to form a trimer. 
Molecular modelling could now be used to predict if diphenylacetate or other larger 
carboxylates could form a trimer. 
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Figure 2. 15 [N4(OMe)4(tpa)4(MeOFI)4] with contacts of less than 0.910 r1 highlighted 
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2.8 Experimental 
All the metal chlorides, Htpa, Hmhp and Na(OMe) were obtained from 
Aldrich. The sodium salts of Htpa and Hmhp were prepared essentially quantitatively 
from a 1:1 reaction with Na(OMe) in methanol. Mass spectra were obtained by FAB 
of samples in a 3 - nitrobenzyl alcohol matrix (3-NOBA). 
X-ray diffraction studies were carried out on a Stoë STADI - 4 four-circle 
diffractometer with an Oxford Cryosystems low temperature device 
115  using Cu-Ku 
radiation for 2 and 5 and Mo-Ku radiation for 1, 3-4 and 6-7; o-scans for 1,3 and 
5 - 7 and (o-O for 2 and 4. The learnt profile method was used for 
4•h16  Data were 
corrected for Lorentz and polarisation factors. Semi-empirical absorption corrections 
based on azimuthal measurements"7  were applied to data from all structures except 3 
and 6. 
Structures 1, 3, 4 and 6 were solved by the Patterson method using DIRDIF"8  
and all structures other than 2 were solved by direct methods using SHELXS-86"9 
(7) or SIR-92'2°  (5). Structure 2 was solved from the isostructural cobalt analogue 1. 
Refinement was completed by iterative cycles of AF2-syntheses and full-matrix least 
squares refinement. All full weight non-H atoms were refined anisotropically in 1 - 
2, 4 and 6 - 7 while only zinc atoms were so refined in 3 and 5. Throughout all 
structures hexagonal restraints were applied to phenyl rings exhibiting disorder. 
Preparation of compounds 
[C04(tpa)4(MeO)4(MeOH)4] .3 .75MeOH 1. 
CoC12.61-120 (0.500 g, 2.10 mmol) was mixed with Na(mhp) (0.276 g, 2.10 
mmol) and Na(tpa) (0.651 g, 2.10 mmol) in MeOH (150 ml) for 24 hours. The 
solution was evaporated to dryness and the resultant paste was dried for 3 - 4 hours 
in vacuo. The dark blue powder was then redissolved in MeOH (Ca 20 ml) and 
filtered to form light pink solutions. After 3 - 4 weeks pink crystals formed in a 30% 
yield (by weight of cobalt). FAB mass spectrum results for 1 (significant peak, 
73 
possible assignment taking an e.s.d. of 3 atomic mass units): m/z 1478, 
[Co4(OMe)3(tpa)4]; 1434, [C04(OMe)4(tpa)3(dpa)1 (dpa = loss of Ph from the tpa); 
1161, [CO3(OMe)4(tpa)31; 1088, [CO3(OMe)4(tpa)2(dpa)]. 
[Ni4(tpa)4(MeO)4(MeOH)41 .4MeOH 2. 
As synthesis for 1 but NiCl2.6H20 substitutes CoC12.6H20. The light green 
powder was redissolved in MeOH (Ca 20 ml) and filtered to give a light green 
solution. After 4 weeks green crystals formed in a 4% yield (by weight of nickel). 
FAB mass spectrum results for 2 (significant peak, possible assignment taking 
an e.s.d of 3 atomic mass units): m/z 1540, [Ni4(OMe)4(tpa)4(MeOH)1 1431, 
[Ni4(OMe)4(tpa)3(dpa)]; 	1253, 	[Ni4(OMe)4(tpa)3(MeOH)]; 	1144, 
[Ni4(OMe)4(tpa)2(dpa)]; 1086, 	[Ni3(OMe)4(tpa)2(dpa)]; 	967, 
[Ni4(OMe)4(tpa)2(MeOH)]; 858, [Ni(OMe)4(tpa)3(dpa)]. 
[Zn4(tpa)4(MeO)4(MeOH)4] .3 .75MeOH 3. 
As synthesis for 1 but ZnC12 substitutes CoC12.6H20 and Na(OMe) (0.200 g, 
2.100 mmol) substitutes Na(mhp). The white powder was redissolved in MeOH (ca 
20 ml) and filtered to give a colourless solution. After 24 hours colourless crystals 
formed in 25% yield (by weight of zinc). FAB mass spectrum results for 3 
(significant peak, possible assignment taking an e.s.d of 3 atomic mass units): m/z 
1595, 	[Zn.4(OMe)4(tpa)4(MeOH)2]; 	1529, 	[Zn4(OMe)4(tpa)4]; 	1279, 
[Zn4(OMe)4(tpa)3(MeOH)1; 	1166, 	[Zn4(OMe)4(tpa)2(dpa)I; 	1087, 
[Zn4(OMe)4(tpa)2(MeOH)41. 
[Co4(tpa)4(MeO)4(MeOH)2(MeCN)2] .2MeOH.MeCN 4. 
As synthesis for 1 but the dark blue powder was redissolved in MeOH:MeCN 
solution 2:1 by volume mixture(ca 20 ml) and filtered to form light pink solutions. 
After 48 hours red crystals formed in 87% yield (by weight of cobalt). 
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[Zn(tpa)2(MeOH)21 5. 
As synthesis for 3 but Na(OMe) was not included in the reaction mixture. The 
white powder obtained was redissolved in MeOH (Ca 20 ml) and filtered to give a 
colourless solution. After 24 hours colourless crystals formed in 19% yield (by 
weight of zinc). 
[CdNa2(tpa)4(MeOH)71 .MeOH 6. 
CdC12.2.51-120 (0.500 g, 2.19 mmol) was added to methanol (50° Q. Once the 
CdC12.2.51-120 had fully dissolved Na(tpa) (0.680 g, 2.19 mmol) was added to the 
reaction mixture. The solution was evaporated to dryness and the resultant paste was 
dried for 3 - 4 hours in vacuo. The white powder was then redissolved in MeOH (ca 
20 ml) and filtered to give a colourless solution. After 24 hours colourless crystals 
formed in a 20% yield (by weight of cadmium). If Na(OMe) is included in the 
reaction mixture then the same product is synthesised. 
[CdK2(tpa)4(MeOH)8] 7. 
As synthesis for 6 but Na(tpa) is substituted by the potassium equivalent. The 
white powder obtained was redissolved in MeOH (ca 20 ml) and filtered to give a 
colourless solution. After 24 hours colourless crystals formed in a 26% yield (by 
weight of cadmium). If K(OMe) is included in the reaction mixture then the same 
product is synthesised. 
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Complex C H N 
61.67 5.90 0 
[C04(tpa)4(MeO)4(MeOH)4].3.75MeOH I a (62.70) (5.91) (0) 
62.32 6.01 0 
[Ni4(tpa)4(MeO)4(MeOH)4].4MeOH 2 (62.62) (5.94) (0) 
61.33 5.41 0 
[Zn4(tpa)4(MeO)4(MeOH)4].3.75MeOH 3 (61.79) (5.94) (0) 
63.43 5.39 1.77 
[C04(tpa)4(MeO)4(MeOH)2(MeCN)21.2MeOH.MeCN* 4 (65.30) (5.24) (1.69) 
70.85 4.91 0 
[Zn(tpa)2(MeOH)2] 5  (71.64) (5.44) (0) 
68.58 4.63 0 
[CdNa2(tpa)4(MeOH)7].MeOH 6 (67.58) (5.93) (0) 
68.19 4.70 0 
[CdK2(tpa)4(MeOH)8] 7 (66.21) (5.81) (0) 
Table 2. 8 Elemental analysis for 1 —7. Expected values are in parenthesis. 
* Denotes calculation of expected C, H and N percentages based on desolvated 
lattice. Crystals of 4 turn to a red powder in the air after --10 minutes. 
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Chapter 3: High Nuclearity 
Complexes with Tri phenyl acetate 
77 
3.1 Abstract 
Reactions of sodium triphenylacetate with the chloride and nitrate salts of 
cobalt and nickel were carried out. The recrystallisation solvent and conditions were 
varied in an attempt to establish whether nuclearities greater than those presented in 
chapter 2 can be formed. 
Four decanuclear complexes, with a [M1o(OH)6(xhp)6(02CR)6]2 core, have 
been synthesised that extend the family of cages in which the metal atoms occupy the 
vertices of a centred tricapped trigonal prism (presented in sections 1.3.5 and 1.3.6). 
A hexanuclear cobalt complex with chp and tpa ligands crystallises out of 
acetone with two acetone molecules coordinating to cobalt atoms. Equivalent 
octanuclear cobalt and nickel complexes with sodium atoms add to the range of 
heterometallic complexes 
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3.2 Synthesis and Structure of 
[C06(OH)2(chp)4(tpa)6(Me2CO)2] 8 
The reaction of cobalt nitrate with Na(chp) and Na(tpa) in methanol for 24 
hours produced a paste that was dried in vacuo for several hours. Recrystallisation 
from acetone produced crystals of [C06(OH)2(chp)4(tpa)6(Me2CO)21 8 in a yield of 
73% by weight of cobalt in 48 hours (Figure 3. 1 and Figure 3. 2). 
Figure 3. 1 [C06(OH)2(chp)4(tpa)6(Me2C0)2 8 
Complex 8 crystallises with a C2  axis passing through the molecule so only 
three cobalt atoms and one OH, two chp, one Me2CO and three tpa ligands are 
crystallographically unique. While Co2 is in an octahedral geometry Col and Co3 
adopt trigonal bipyramidal and tetrahedral geometries respectively. The Col 
79 
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equatorial bonds are provided by OH, O(tpa) and N(chp) donor atoms, the axial by 
O(tpa) and O(chp) donor atoms. 
Figure 3. 2 Metal and donor atoms of 8 
Each OH group (0123) bridges three cobalt atoms in different environments. 
The p.2-tpa groups bridge between each of the three cobalt atoms in the asymmetric 
unit. One chp group bridges Co2 and the symmetry equivalent cobalt atom through 
the oxygen atom and bonds to Co 1 via the nitrogen atom. The other bonds to Co3 
through the nitrogen atom and the symmetrically equivalent Col via the oxygen 
donor. The Me2CO molecules co-ordinate terminally to Co2. The different 
geometries the cobalt atoms adopt introduces a variation of bond lengths (Table 3. 1). 
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Col-N11 2.058(2) Co2-021 2.1320(18) 
Col-0123 2.0012(17) Co2-021#1 2.0930(16) 
Col-01C 1.9812(18) Co2-02A 2.0949(18) 
Col-022#1 2.0774(17) Co3-N12 2.065(2) 
Col-02B 2.1107(17) Co3-0123 1.9683(17) 
Co2-0123 2.0645(19) Co3-01A 1.9508(17) 
Co2-01 B 2.0349(16) Co3-02C 1.9811(17) 
Co2-01S 2.136(2) 
Table 3. 1 Full metal bond lengths (A) with e.s.ds in parenthesis for 8. 
The tetrahedrally co-ordinated Co3 has the shortest bond lengths with the Co3-
OH and Co3-0(tpa) distances very similar. The Co-N(chp) bond is longest lying at a 
similar value to bond lengths for Col. The bonds from Col to oxygen atoms from 
tpa groups are highly asymmetric, the tpa which bridges to Co3 produces a contact 
over 0.1 A less than that which bridges to Co2. The Co3 contact to the OH group 
falls in the range observed for bonds to tpa ligands. The Co3 bonds to the bridging 
chp groups are asymmetric, the bond to the chp group which bonds to Col in the 
same asymmetric unit is over 0.3 A greater than that which bonds to the Col in the 
other asymmetric unit. The Co2 bond to the Me2CO group is observed at the same 
range as the longest of the Co2 - O(chp) contacts. 
The primary distortions from a regular trigonal bipyramidal geometry occur in 
the equatorial plane of Co 1, the axial atom - equatorial atom angles vary from 90° by 
less than 3°. In contrast two equatorial atom - equatorial atom angles differ from 
1200 by more than 170. In Co2 only two cis angles display a distortion greater than 
70. However it is Co3 which lies in the most regular geometry, with a range of 
tetrahedral bond angles of 102.80(7) - 119.15(7). 
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N11-Col-022#1  90.06(8) 	 I 02A-Co2-021 170.20(5) 
01C-Col-022#1 91.90(7) 02A-Co2-01S 84.65(6) 
022#1-Col-02B 177.89(6) 01 B-Co2-01 S 86.62(6) 
Nil -Col -02B 89.35(7) 01 B-Co2-02A 92.82(7) 
01 C-Col -Nil 138.19(7) 01 23-Co2-021 88.75(6) 
01C-Col-02B 87.19(7) 01 23-Co2-021#1 94.64(6) 
0123-Col-022#1 91.52(7) 0123-Co2-01 S 176.21(6) 
0123-Col-Nil 118.01(7) 0123-Co2-02A 91.56(6) 
0123-Col-02B 90.54(7) 01 B-Co2-01 23 93.72(6) 
01C-Col-0123 103.68(6) 02C-Co3-N 12 105.67(8) 
021#1 -Co2-021 76.73(7) 01 A-Co3-N 12 110.48(7) 
021#1 -Co2-0l S 85.48(6) 0IA-Co3-02C 119.15(7) 
021-Co2-01 S 94.96(6) 0123-W-1412 102.80(7) 
021#1-Co2-02A - 93.48(7) 0IA-Co3-0123 105.82(8) 
01 B-Co2-021 96.94(7) 0123-Co3-02C 111.77(7) 
01 B-Co2-021#1 169.39(7) 








3.3 Magnetic Properties of 8 
The magnetic behaviour of 8 was studied in a field of 100 G and temperature 
range of 290 - 1.8 K. The variation of product XmT with temperature of 8 shows a 
decline with temperature (Figure 3. 3). 
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Figure 3. 3 Variation of XmT with I for 8 
The room temperature value of 15.98 ± 0.08 emu K mol' corresponds closely 
with the predicted value of 15.76 emu K moi' for six S = 3/2 Co(II) centres 
assuming a g factor of 2.4 for octahedral and trigonal bipyramidal cobalt atoms and a 
g factor of 2.3 for tetrahedral cobalt atoms. The XmT value declines with temperature 
consistent with antiferromagnetic exchange at the metal centres and reaches a value 
of 2.77 ± 0.02 emu Kmoi1  at 1.77 K. 
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3.4 Synthesis and Structure of 
[Ni7(OH)2(Hmhp)6(tPa)8(HCO2)2C12] 9 
The reaction of nickel chloride with Na(mhp) and Na(tpa) in methanol for 24 
hours produced a paste which was dried in vacuo for several hours. Recrystallisation 
via hexane diffusion into an acetonitrile solution produced crystals of 
[Ni7(OH)2(I-Imhp)6(tpa)8(HCO2)2Cl21 9 in a yield of 7% by weight of nickel after 
fifteen months. While a refinement to convergence was not completed due to poor 
crystal quality, connectivity is established (Figure 3. 4 and Figure 3. 5). 
Figure 3. 4 [Ni7(OH)2(Hmhp)6(tpa)s(HCO2)2C121 9 
As 9 crystallises on an inversion centre only four nickel atoms are 
crystallographically unique. Four tpa groups bridge two nickel atoms and the 
remaining two chelate a nickel atom. The Hmhp groups adopt two different binding 
modes, one bridging two nickel atoms and the second bonding terminally to a nickel 
atom. In both cases the bonding is solely through the oxygen atom. 
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Figure 3. 5 Metal and donor atoms of 9 
The chloride ions bridge two nickel atoms and the HCO2  groups co-ordinate in 
a p.371 2-mode. The OH groups are found in a commonly occurring 1
3-mode of 
bonding. 
The inclusion of formate groups in 9 is extremely surprising and unexplained. 
While triphenylacetic acid can undergo decomposition to produce formate anions it 
normally does so in conditions of high temperature and pressure. 121 As the reaction 
was carried at room temperature and atmospheric pressure the origin of the HCO2 
groups is unknown. 
Each nickel centre is six co-ordinate but the co-ordination spheres vary widely. 
The central atom Nil is co-ordinated by two tpa, mhp and HCO2 groups. Ni2, NO 
and Ni4 atoms all form bonds to bridging tpa, mhp and OH groups. The remaining 
bonds for Ni2 and Ni4 are made by Cl, tpa and either HCO2  or mhp ligands. The co-
ordination sphere of NO is completed by a chelating tpa and bridging HCO2 ligands. 
While some high nuclearity complexes can be characterised by the topology of 
geometric shapes their metal atoms adopt, that is not the case for 8. Five of the nickel 
atoms form a roughly linear chain with the remaining two nickel atoms, NO and its 
symmetry equivalent, forming triangles with the two end chain nickel atoms so the 
NO - Ni3# vector passes through the central nickel atom. The seven nickel atoms are 
approximately co-planar. 
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3.5 Synthesis and Structure of 
[M8Na2(OH)2(xhp)2(tpa)8(HXhP)2(HCO2)6(EtOAc)2] 
where M = Ni, xhp = chp 10 and M = Co, xhp = mhp 
11 
The reaction of nickel chloride with Na(chp) and Na(tpa) in methanol for 24 
hours produced a paste which was dried in vacuo for several hours. Recrystallisation 
from ethyl acetate over thirteen months produced crystals of 
[Ni8Na2(OH)2(chP)2(HChP)2(tPa)8(HCO2)6(EtO)2] 10 in a yield of 6% by weight of 
nickel. Synthesis of 10 is also achieved using nickel nitrate in place of nickel 
chloride with a 53% yield obtained after 72 hours. The equivalent reaction of cobalt 
nitrate with Na(chp) substituted by Na(mhp) produced crystals of 
[Co8Na2(OH)2(mhp)2(HmhP)2(tPa)8(llCO2)6(EtO)21 11 in a yield of 67% by 
weight of metal in 48 hours. Complexes 10 and 11 are isostructural (Figure 3. 6 and 
Figure 3. 7). 
Figure 3. 6 [Co8Na2(OH)2(mhp)2(HmhP)2(tPa)8(HCO2)6 (EtOA021 11. Complex 10 has nickel instead 
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Figure 3. 7 Metal and donor atoms for 10 and 11. 
Complexes 10 and 11 have a non-crystallographic C2-axis perpendicular to the 
Nal - Na2 and M6 - M2 vectors. The environments of the transition metal and 
sodium atoms are octahedral and square based pyramidal respectively, both 
geometries exhibit significant distortion. The C2-axis in the molecule means that the 
metal sites can be considered in pairs: M6 and M2, Ml and M3, M5 and M8, M4 and 
M7, Nal and Na2. In the interests of brevity only the former partner in each pair will 
be discussed. Ml forms bonds to bridging oxygen atoms from t3-mhp ligands, L3-
OH and two ji2-tpa groups. The remaining contacts are to two j14-0-HCO2 groups, 
one of which bridges a sodium atom and three transition metal atoms the other bonds 
solely to transition metal atoms. M6 is chelated by the first L3-0(mhp) group and 
bridged by the second. The remaining bonds are formed to [t2-tpa, t3-0-HCO2 and 
p.4-0-HCO2 groups. M4 is chelated by one p.2-tpa group and forms bonds to i.0-01-1, 
j.x2-tpa and two .14-0-HCO2  molecules. Finally M5 has bonds to two j.t2-tpa, 1i
3-01-1, 
two .13-0-HCO2  groups and a terminal Hmhp ligand. 
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Each sodium atom makes contacts to p.2-0 atoms from tpa and two HCO2 
groups with terminally bonded EtOAc molecules completing the co-ordination 
sphere. Despite the varied ligand types the overlap of the bond ranges means many 
are statistically equivalent (Table 3. 3). 
Bond Length I Complex 10 11 
M - 93-OH 1.987(6) - 2.031(7) 2.022(10) - 2.087(12) 
M - 1.t1-O(tpa) 1.959(7) - 2.064(7) 1.996(11) -2.108(12) 
M - 2-0(tpa) 2.124(7) - 2.176(7) 2.145(10) - 2.224(10) 
M T 93-0(xhp) 
(bridging metal site) 
2.049(6) - 2.105(7) 2.077(9) - 2.141(11) 
M - 93-0(xhp) 
(chelating metal site) 
2.216(6) - 2.254(6) 2.258(11) - 2.320(10) 
M - i1-N(xhp) 2.072(7) -2.112(8) 2.071(11) -2.117(12) 
M - 92-0-HCO2 2.016(7) -2.135(6) 2.040(12) - 2.157(13) 
M - 1.t1-O-HCO2 2.008(7) - 2.009(7) 2.030(10) - 2.035(10) 
M - O-Hxhp 2.02 1(7) - 2.024(9) 2.030(14) - 2.052(14) 
Na - 1.12-0-HCO2 2.284(8) - 2.401(9) 2.281(11) - 2.426(14) 
Na - 1.i2-0(tpa) 2.299(7)-2.304(8) 2.292(11)- 2.301(10) 
Na - 0-EtOAc 2.244(11) - 2.277(10) 2.263(14) - 2.268(13) 
Table 3. 3 Bond length ranges (A) for all transition metal and sodium atoms. For 10 M = Ni and xhp 
= chp, 11 M = Co and xhp = mhp. Full bond lengths in Table 7. 9 
The metal atoms in 10 form their shortest contacts to oxygen atoms derived 
from p.3-014, p.i -0(tpa), p.i-0(HCO2) and p.1 -O(Hmhp) donor atoms with the separate 
ranges extending over one another. The next closest contacts are to bridging 1t3-
0(mhp) and p.2-0(HCO2) oxygen atoms and p.1 -N(mhp) nitrogen atoms. Distances to 
oxygen atoms derived from tpa and mhp ligands which chelate the metal site are 
significantly longer, the latter being the longest bonds the transition metals form in 
10 and 11. Bond length ranges in 11 show a similar large overlap and while they are 
longer than the equivalent bond lengths in 10, in many cases the difference is not 
statistically meaningful. In 11 bond distances from metal atoms to oxygen atoms 
from terminal Hmhp ligands, bridging OH, mhp, tpa and HCO2 groups and nitrogen 
atoms from mhp ligands are shortest with heavily overlapping values, lying in 
statistically similar ranges. 
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As in 10, the longest transition metal bonds are those formed with chelating tpa 
and mhp ligands. The sodium atom bond lengths are unsurprisingly much longer than 
either transition metal, with contacts to EtOAc molecules the shortest and p2-0  
atoms from HCO2 and tpa groups lying at greater distances. 
As expected, transition metal bond angles show the greatest deviation at metal 
centres chelated by tpa or mhp groups, creating cis angles of less than 631. The J.t3-
O(mhp) - M - .t3-0(mhp) in which one mhp group chelates and the other bridges the 
metal site is the next most acute angle at 80.0(4)° or less. The chelating tpa groups 
produce less deformation in the other angles, with the t1-O(tpa) - M - t2-0(tpa) 
where the donor atoms derive from different tpa molecules showing a deviation of 
less than 4°. The remaining cis angle ranges overlap with only the p.1-O(tpa) - M - 
j 1-O(tpa), O(HCO2) - M - O(Hmhp), p1-O(tpa) - M - O(Hmhp) and bridging -
0(mhp) - M - N(mhp) deviating by less than 50 across both complexes. The trans 
angles show the related distortion, with no angle greater than 178° for either 
transition metal. The majority of transition metal angles show little statistically 
significant variation between 10 and 11. The angles at the sodium sites are distorted 
with a broad distribution, only one class of cis angle has a range of less than 15
0.  The 
trans angles are all less than 17 1°. 
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Bond angle! Complex 10 11 
OH - M - O(HCO2) 80.0(3) - 97.2(3) 80.1(4) - 96.4(4) 
OH - M - jti-O(tpa) 91.12(19)- 106.8(3) 90.5(5)- 107.6(4) 
OH - M - 2-0(tpa) 165.5(3) -169.1(3) 163.3(5) - 168(4) 
OH - M - O(Hmhp) 167.3(2) -171.3(2) 168.0(4) - 171.3(4) 
OH - M - 1.t3-O(mhp) (mhp 
bridges metal site) 
170.0(2)- 170.84(18) 170.0(4) - 171 .6(4) 
.t1-O(tpa) - M - O(HCO2) cis 84.70(19) - 93.5(2) 84.9(4) - 96.7(5) 
j.t1-O(tpa) - M - O(HCO2) 
trans  
167.6(3) - 177.4(2) 166.9(4) -176.7(5) 
j.t1-O(tpa) - M - .x1-O(tpa) 88.1(2) - 91.0(3) 87.9(4) - 90.2(4) 
i1-O(tpa) - M - 143-0(mhp) 
(mhp bridges metal site) 
92.4(3) -102.2(2) 93.1(4) - 100.9(4) 
.t1-O(tpa) - M - 1.13-0(mhp) 
(mhp chelates metal site)  
161.3(2) - 161 .5(3) 162.5(4) - 163.1(4) 
i1-O(tpa) - M - i1-N(mhp) 99.5(2) - 100.3(3) 101.6(5)- 103.2(5) 
1.1-O(tpa) - M - 1.t1-O(Hmhp) 91.1(2) - 93.7(3) 93.1(5) - 94.4(5) 
t1-O(tpa) - M - 12-0(tpa) 
(donor atoms from same tpa) 
61.8(3) - 63.3(3) 61.0(4) -62.1(4) 
.t1-O(tpa) - M - i2-0(tpa) 
(donor atoms from different 
tpa) 
90.3(3) - 92.6(3) 90.4(4) - 93.3(4) 
1.2-0(tpa) - M - O(HCO2) 79.8(2) - 111.5(3) 80.0(3) - 112.8(4) 
-O(mhp) - M - O(HCO2) 
(mhp bridges metal site) cis  
74.69(18) - 93.24(18) 74.6(4) - 93.6(4) 
113-0(mhp) - M - HCO2 
(mhp bridges metal site) trans  
.t3-00hp) - M - N(mhp) 
(O-mhp bridges metal site) 
162.1(2) - 165.2(2) 
92.3(3) - 92.9(3) 
158.2(4) - 161 .7(4) 
93.4(5) - 94.1(4) 
J(mhn\ - M - 	-O(mho) 78.5(2) - 79.6(2) 78.6(4) - 80.0(4) 
WO(mhp) - M - N(mhp) 
(O-mhp chelates metal site)  
61.3(2) -61.8(3) 60.3(5) - 60.9(4) 
1.t3-O(mhp) - M - O(HCO2) 
(O-mhp chelates metal site) 
90.28(19) - 109.69(18) 89.1(4) - 108.9(4) 
O(HCO2) - M - O(HCO2) 87.6(2) - 97.3(3) 87.7(4) - 95.1(4) 
O(HCO2) - M - O(Hmhp) 88.8(2) - 93.0(2) 89.6(5) - 93.2(5) 
O(HCO2) - M - N(mhp) cis 92.7(2) - 94.5(2) 94.1(4) - 96.1(4) 
O(HCO2) - M - N(mhp) trans 165.7(2) - 167.1(2) 165.3(5) - 166.7(5) 
12-0(tpa)- Na - O(HCO2) cis 70.7(2) - 101 .6(3) 72.4(4) - 104.5(5) 
92-0(tpa) - Na - O(HCO2) 
trans  
165.5(3) - 168.8(3) 165.3(5) - 168.1(5) 
i2-0(tpa) - Na - O(EtOAc) 96.0(3) - 96.6(3) 95.1(5) - 97.5(4) 
90 
[O(HCO2) 	Na - O(HCO2) 81.5(3) - 99.3(3) 82.4(4) - 98.9(4) 
O(HCO2) - Na - O(EtOAc) cis 90.2(3) - 112.3(3) 89.3(4) - 111.1(5) 
O(HCO2) - Na - O(EtOAc) 
trans 
164.2(3) - 166.5(3) 165.0(6) - 169.9(5) 
Table 3.4 Bond angle ranges (°) with e.s.d.s in parenthesis for 10 and 11. Full angles in Table?. 10 
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3.6 Magnetic properties of 10 and 11 
The magnetic behaviours of 10 and 11 were studied in a field of 100 G and 
temperature range of 290 - 1.8 K. The variation of product XmT with temperature of 
10 shows a decrease with declining temperature (Figure 3. 8). 
Figure 3. 8 Variation of X  against T for 10 
The room temperature value of 9.85 ± 0.06 emu K moF1 corresponds closely to 
the calculated value of 9.68 emu K mof' for eight non-interacting S = 1 Ni(II) 
centres (assuming a g factor of 2.2). The XmT value stays constant with decreasing 
temperature until 100 K at which point it declines consistent with antiferromagnetic 
exchange between the metal centres and reaches 5.80 ± 0.04 emu K mol' at 1.77 K. 
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While the XmT value of 11 also shows an overall decrease with declining 
temperature the behaviour is less straightforward than that of 10. The room 
temperature value of 23.7 ± 0.2 emu K mol' is greater than the calculated value for 
eight non-interacting S = 3/2 centres with a g factor of 2.4 which leads to 21.6 emu K 
mor'. The XmT value declines with temperature until 8 K, consistent with 
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Figure 3. 9 Variation of XmT against T for 11 
At 8 K the XmT value increases until reaching a local maxima of 10.8 ± 0.2 
emu K mol' at 3.2 K before declining again (Figure 3. 10). The reason for this 
inverse is unclear. 
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Figure 3. 10 Low temperature region of XmT against T for 11 
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3.7 Synthesis and Structure of 
[Co10(OH)6(mhp)6(tpa)e(HmhP)3(HCO3)3] 12 
The reaction of cobalt chloride with Na(mhp) and Na(tpa) in methanol for 24 
hours produced a paste which was dried in vacuo for several hours. Recrystallisation 
from ethyl acetate produced crystals of [Co10(OH)6(mhp)6(tpa)6(HmhP)3(HCO3)31 12 
in a low yield after eight months (Figure 3. 11). 
Figure 3. 11 [Co10(OH)6(mhp)6(tpa)6(HfllhP)3(HCO3)31 12 
Complex 12 crystallises in the space group R-3c and a C3 axis of rotation 
passes through the molecule. Only three cobalt atoms are crystallographically unique 
and all hydroxide, mhp and tpa groups are equivalent. The remaining ligand position 
is disordered, occupied equally by bicarbonate and ITmhp molecules. The cobalt 
atoms occupy the vertices of a centred tricapped trigonal prism (clip) a topology well 
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established for decanuclear cobalt and nickel complexes with pyridonate and 
carboxylate ligands as outlined in the introduction. 
However in all previous cages the metal atoms capped the three rectangular 
faces. In 12 however it is the edges which join the two triangular faces that are 
capped (Figure 3. 12). 
Figure 3. 12 Metal vertices of 12 
The hydroxide groups surround the central cobalt atom and form [t3-bridges to 
vertex and cap cobalt atoms. The tpa groups co-ordinate in a 1,3-bridging fashion 
between the vertex and the cap metal sites and each mhp ligand chelates one vertex 
atom and bridges to a neighbour vertex atom through the oxygen atom. The 
bicarbonate and Hnihp ligands form .t2-bridges between cap and vertex metal atoms 
and complete their co-ordination spheres. The bonding modes of the hydroxide and 
carboxylate ligands in 12 are equivalent to those observed in previously synthesised 
cttp-based cages. 
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However in other cup-based cages the pyridonate ligands form p3-bridges 
through the oxygen atom, this may not be possible in 12 due to a lengthening of the 
trigonal prism C3  axis. The vertex atom - vertex atom distance in 12 is 3.70 A, 
significantly larger than 3.42 - 3.45 A in a decanuclear cobalt cup-based complex 
with benzoate and mhp ligands. 33 
The central cobalt Co(2) is in the +3 oxidation state, the assignment made by 
the bond lengths which lie in the range observed in previously crystallised Co(III) 
complexes with six oxygen donor atoms. 2223 '24  The remaining cobalt bond lengths 
fall in a range expected for Co(II) (Table 3. 5). 
Col-02P 2.025(8) Co2-0IV#3 1.898(7) 
Col-01A 2.036(8) Co2-01 V#4 1.898(7) 
Co1-02P#1 2.103(8) Co2-01V#5 1.898(7) 
Col-01V 2.128(7) Co3-02A 2.040(8) 
Col-02Q 2.183(8) Co3-02A#3 2.040(8) 
Col -NI P#I 2.220(10) Co3-01V 2.102(7) 
Co2-0I V 1.898(7) Co3-01 V#3 2.102(7) 
Co2-0IV#2 1.898(7) Co3-02Q 2.176(8) 
Co2-0IV#1 1.898(7) Co3-020#3 2.176(8) 
Table 3. 5 Full metal bond lengths (A) for all crystallographically unique cobalt atoms in 12. 1 he 
if 
symbol indicates an atom which is a symmetry equivalent of another. 
The shortest Co(II) bonds are those to oxygens in bridging tpa and mhp groups, 
observed in statistically equivalent ranges. The contacts to hydroxide groups and 
chelating mhp oxygen atoms are longer with the longest bonds found to nitrogen 
atoms from chelating mhp ligands, Hmhp and bicarbonate groups. The bond angles 
display a wide variance at the different cobalt centres (Table 3. 6). 
Co(l) displays the largest distortion from an octahedral geometry, largely due 
to the chelating mhp group introducing a strained acute angle of 60.80 which in turn 
widens the majority of the surrounding cis angles. The symmetry at the central 
Co(OH)63  core is lowered by the hydroxides lying closer to the plane perpendicular 
to the C3  axis passing through the cobalt atom. Co(3) exhibits a large range of bond 
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angles, cis angles ranging from 74.1(4) to 101.9(3)' depending on the different donor 
groups. 
02P-Col-01A 97.2(3) -Co2-01 V#4 
173.1(4) 
02P-Coi -02P#i 92.7(4) 01V#3-Co2-01 V#4 
91.5(3) 
01A-Coi-02P#1 155.3(3) 01V-Co2-01V#5 173.1(4) 
02P-Col-01V 82.7(3) 01V#2-Co2-01 V#5 
93.7(4) 
01A-Col-01V 97.3(3) 01V#1 -Co2-01V#5 
83.8(4) 
02P#1-COI-01V 106.3(3) 0IV#3-Co2-01V#5 
91.5(3) 
02P-Col-02Q 161.0(3) 0IV#4-Co2-01V#5 
91.5(3) 
01A-Col-02Q 90.5(3) 02A-Co3-02A#3 
94.8(5) 
02P#1-Col-02Q 87.3(3) 02A-Co3-0IV 97.6(3) 
01V-Col-02Q 79.1(3) 02A#3-Co3-01V 161.5(3) 
02P-Col -Ni P#1 97.9(4) 02A-Co3-01V#3 
161.5(3) 
01 A-Col -Ni P#1 95.3(4) 02A#3-Co3-01 V#3 
97.6(3) 
02P#1 -Coi -NI P#1 60.8(3) 01V-Co3-01 V#3 
74.1(4) 
01 V-Cd -NI P#i 167.1(3) 02A-Co3-02Q 92.7(3) 
02Q-Col -Ni P#i 98.6(3) 02A#3-0O3-02Q 85.9(3) 
01 V-Co2-0 1 V#2 91.5(3) 01 V-Co3-02Q 
79.9(3) 
01V-Co2-01 V#i 91.5(3) 0IV#3-Co3-02Q 
101.9(3) 
O1V#2-Co2-OiV#I 91.5(3) 02A-Co3-02Q#3 85.9(3) 
01 V-Co2-Oi V#3 83.8(4) 02A#3-Co3-02Q#3 92.7(3) 
0IV#2-Co2-OiV#3 173.1(4) 0IV-Co3-02Q#3 101.9(3) 
01 V#I -Co2-01 V#3 93.7(4) 01 V#3-Co3-02Q#3 79.9(3) 
01 V-Co2-Oi V#4 93.7(4) 02Q-Co3-02Q#3 177.9(5) 
0IV#2-Co2-01V#4 83.8(4) 
Table 3. 6 Full bond angles (°) with e.s.d.s in parenthesis for all unique cobalt atoms in 12 
The assigmnent of bicarbonate was made on crystallographic grounds. The 
electron density map revealed a 4-atom molecule with approximate DA symmetry 
that on charge balance considerations must be a monoanion. Since nitrate was not 
present at any stage in the reaction the most plausible assignment is that of 
98 
bicarbonate. The working hypothesis is that atmospheric carbon dioxide diffused into 
the reaction mixture. This may explain the long crystallisation time and low yield. 
Once the assignment was made the bicarbonate groups were restrained to be planar 
with C - 0 distances in the expected range. In a related synthesis a carbonate anion 
was discovered bridging six nickel atoms in a nonanuclear structure. 
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If Na(chp) is used in place of Na(mhp) in the equivalent reaction that leads to 
the formation of 12 a related decanuclear complex is formed. However the structure 
was not refined to convergence due to severe disorder in the monoanion fragment 
sharing a ligand position with Hnihp groups and extremely disordered solvent in the 
crystal lattice. The positions of the metal atoms and OH, tpa and pyridonate groups 
are established and are equivalent to 12. 
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3.8 Synthesis and Structure of 
[NiO(OH)6(mhp)8(tPa)6(H20)2(MeOH)21 13 
The reaction of nickel chloride with Na(mhp) and Na(tpa) in methanol for 24 
hours produced a paste which was dried in vacuo for several hours. Recrystallisation 
from ethyl acetate produced crystals of [Ni10(OH)6(mhp)8(tpa)6(H20)2(MeOH)21 in a 
yield of 4% by weight of nickel after eleven months. The metal vertices form a clip 
with the caps on the rectangular faces (Figure 3. 13 and Figure 3. 14). 
Figure 3.13 [Ni10(OH)6(mhp)8(tpa)6(H20)2(MeOH)21 13 and metal atoms only 
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Figure 3. 14 Metal and donor atoms present in 13 
In addition to the six metal atoms that form the vertices of a staggered trigonal 
prism there is a central atom with distances to the vertex atoms ranging 3.50 - 3.55 
A. Each rectangular face is capped by a metal atom which due to the staggering of 
the triangular faces has two shorter distances to vertex atoms of 3.03 - 3.09 A and 
two longer distances of 3.86 - 3.98 A. The connectivity of 13 is closely related to 
previous decanuclear nickel and cobalt complexes. 
33 The central nickel has six .L3-
OH groups that bridge it, a vertex and cap nickel atom. Each tpa group bridges vertex 
and cap nickel atoms. Six of the mhp ligands chelate one vertex, bridge to another 
vertex and a cap atom. So each cap nickel atom has two bonds to oxygen atoms from 
OH, tpa and t 2-mhp groups. Each vertex nickel atom is chelated by one mhp 
group and tpa, mhp and OH groups bridge vertex and other nickel atoms. 
The remaining six contacts the vertex metal atoms require to complete an 
octahedral co-ordination sphere are supplied by terminally bonded mhp, H20 and 
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MeOR molecules. The bond lengths show a variation dependent on the type of the 
metal atom and donor group (Table 3. 7). 
rCentral Ni - OH 2.011(12) -2.110(12) Cap Ni - OH 1.991(12) - 2.064(12) 
Cap Ni - O(tpa) 2.006(13) - 2.041(14) Cap Ni - 1. 3-0(mhp) 2.094(13) - 2.162(12) 
Vertex Ni - OH 1.944(12)- 1.987(12) Vertex Ni - O(tpa) 2.009(14)-2.078(14) 
Vertex Ni -!.L3- 
O(mhp) (chelating 2.231(12) - 2.283(13) 
Vertex Ni - 11 3-  
O(mhp) (bridging 2.115(12) -2.189(13) 
metal site) metal site) 
Vertex Ni - N(mhp) 2.058(14) - 2.103(14) Vertex Ni - 2.043(14) - 2.094(13) 
Vertex Ni - O(H20) 2.132(12) - 2.139(12) Vertex Ni - O(MeOH) 2.146(13) - 2.262(16) 
Table 3. 7 Nickel bond length ranges (A) with e.s.d.s in parenthesis for 13. Full nickel bond lengtfls 
In 
Table 7. ii. 
The hydroxide group contacts to the central nickel atom display a large range 
of distances, roughly equivalent to the cap nickel contacts but longer than those to 
vertex nickel atoms. The ranges of cap nickel atom bonds to the OH and tpa groups 
are largely overlapping with contacts to bridging mhp ligands significantly longer. 
The chelation of mhp groups creates the longest bond lengths at the vertex nickel 
sites. The vertex nickel distances to the OH ligands are shortest, with those to oxygen 
atoms from terminal mhp and bridging tpa groups, and nitrogen atoms derived from 
mhp ligands, the next closest with similar values. The contact from a 
group to the metal site it chelates is considerably longer to the metal site it bridges, 
which is the longest bond observed. Bond distances to H20 and MeOH groups are 
found at reasonable values for these molecules. Bond angles display a wide variance 
at the different metal centres (Table 3. 8). 
The  primary angle distortions of the central nickel atom are due to the 
establishment of three acute and obtuse angles (Figure 3. 15). The OH -Ni (central) - 
OH angles at which the two OH groups bridge the same cap metal atom (type A) 
range 78.4(4) - 82.5(5)°  with the corresponding obtuse angles (type B) of 105.0(5) - 
107.1(5)'. Other cis angles at the central metal site show less deviation, lying at 
87.0(5) - 92.6(5)0 . 
OH - Central Ni - OH 	 I OH - Central Ni - OH 
178.4(4)- 107.1(5)  htrans 	 11590(5) 162.3(5) (cis) 
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OH - Cap Ni - OH 	180.4(5) - 83.4(5) OH - Cap Ni - 	- O(mhp) 75.1(5) - 93.8(5) 
OH - Cap Ni - O(tpa) 92.8(5) - 98.1(5) OH - Cap Ni - O(tpa) (trans) 169.9(5) - 174.3(5) 
 
(cis) 
O(tpa) - Cap Ni - l.t3- 
____________________ 
93.2(5) - 978(5) O(tpa) - Cap Ni - O(tpa) 87.3(5) - 90.6(5) O(mhp) 
p.3-0(mhp) - Cap Ni - 
_________________ 
162.1(5) - 166.8(5) OH -Vertex Ni - 94.6(5) - 98.1(5) 
-O(mhp) _________________ O(tpa) 
OH - Vertex Ni - .t3- 
O(mhp) (chelating 100.1(5) - 102.5(5) 
OH - Vertex Ni - 
O(mhp) (bridging metal 73.8(5) - 80.5(5) 
metal site) site) 
O(tpa) - Vertex Ni - 
OH - Vertex Ni - 160.9(6) - 163.5(6) tT O(mhp) (chelating 158.7(5) - 162.0(5) 
N(mhp)  metal site) 
O(tpa) - Vertex Ni - 
3-0(mhp) (bridging 92.6(5) - 98.5(5) 
O(tpa) -Vertex Ni - 
N(mhp)  
98.7(6) - 102.3(6) 
metal site) 
13-0(mhp) - Vertex Ni - 
3-0(mhp) (chelating 83.0(4)- 84.1(4) 
N(mhp) - Vertex Ni - 
1.13 0(mhp) (chelating 60.4(6) -61.5(5) 
metal site)  metal site) 
N(mhp)-Vertex Ni - 
93-0(mhp) (bridging 96.3(5) - 98.7(5) 
metal site) 
Table 3. 8 Selected nickel bond angle ranges (°) with e.s.d.s in parenthesis for 13. Full nickel bond 
angles in Table 7. 12. 
Figure 3. 15 Metal atoms and hydroxide groups present in 13 
The OH - Ni (cap) - OH angles are all acute, other cis angles at the cap metal 
sites show a smaller range of values making the cap metal sites the least distorted of 
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the metal centres. The vertex nickel sites display the greatest deviation from 
octahedral geometry due primarily to the chelation of the mhp ligands that create 
extremely acute angles approaching 60°. Unsurprisingly all other cis angles in the 
plane of the four-membered chelate ring are obtuse, the largest being angles which 
involve the donor atoms in the chelate ring. The angles at the vertex metal centres 
outwith the chelate ring plane show less deviation. Although the OH - vertex Ni - 
O(mhp) where the mhp group bridges the metal centre are highly acute less distortion 
is observed in the angles in the same plane. In the three terminal ligands present in 13 
the cis bonds of H20 ligands involve the least distortion ranging 87.9(5) 
- 94.4(5)0  
compared to MeOH and mhp groups which are 88.0(5) - 99.1(5)° and 84.4(5) - 
97.4(5)°  respectively. A similar pattern is observed in the trans angles. 
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3.9 Synthesis and Structure of 
[Ni10(OH)6(chp)6(tpa)6(HChP)(NO3)2(MI')3] 14 
The reaction of nickel nitrate with Na(chp) and Na(tpa) in methanol for 24 
hours produced a paste which was dried in vacuo for several hours. Recrystallisation 
from acetonitrile produced crystals of [Ni1 0(OH)6(chp)6(tpa)6(HchP)(NO3)2(MeCN)31 
14 in a yield of 34% by weight of nickel in 72 hours. The structure of 14 is closely 
related to that of 13 (Figure 3. 16). 
Figure 3. 16 [Ni10(OH)6(chp)6(tpa)6(HChP)(NO3)2(MeCN)3] 14 and metal atoms only 
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The metal vertices of 14 form a clip and the connectivity of the OH, tpa and 
pyridonate groups in 14 is equivalent to that in 13. The only difference is that there 
are no terminal chp groups; Hchp, MeCN and NO3  ligands bond terminally to the 
vertex nickel atoms instead. The bond length ranges for the central and cap metal 
atoms are more narrow than observed in 13 while the vertex metals display a similar 
range (Table 3. 9). 
Central Ni - OH 2.054(3) - 2.080(3) Cap Ni - OH 2.035(3) - 2.058(3) 
Cap Ni - O(tpa) 2.005(3) -2.01 8(3) Cap Ni - 1.t3-0(chp) 2.114(3) - 2.179(3) 
Vertex Ni - OH 1.977(3) - 1.989(3) Vertex Ni - O(tpa) 1.987(3) - 2.012(4) 
Vertex Ni - t3-O(chp) 
(chelating metal site) 
2.200(3) - 2.234(3) Vertex Ni - 	-O(chp)  (bridging metal site)___________________ 2.133(3) - 2.169(4) 
Vertex Ni - N(chp) 2.071(4) - 2.103(4) Vertex Ni - g1-O(Hchp) 
Vertex Ni - O(NO3) 2.056(5) - 2.067(4) Vertex Ni - N(MeCN) 2.063(6) - 2.078(6) 
Table 3. 9 Nickel atom bond ranges (A) with e.s.d.s in parenthesis for 14. Full bond lengths in Table 
7.13 
The shortest contacts for the cap nickel atoms are to the tpa groups, followed 
by those from OH groups with the chp ligands contributing the longest bonds. The 
vertex nickel atoms form the shortest bonds to oxygen atoms from OH and tpa 
groups, with contacts to O(NO3), N(MeCN) and N(chp) donor atoms largely 
overlapping. The bridging chp groups produce the next greatest bond lengths, with 
the Hchp and then chelating chp ligands forming the longest contacts. The central 
nickel atom displays less deviation from an octahedral geometry than that of 13, 
similar levels of distortion are observed in the cap and vertex metal sites (Table 3. 
10). 
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OH - Central Ni - OH 82.00(12) - OH - Central Ni - OH 	1162.87(12) - 
(cis) 
.87(12)-
) 105.29(12) (trans) 
163.96(12) 
83.21(12) - OH - Cap Ni - .t3- 75.92(12)- 
OH - Cap Ni - OH 83.96(12) 
(12)-
O(chp) 92.84(12) 
OH - Cap Ni - O(tpa) 93.42(12) - OH - Cap Ni - O(tpa) 167.86(13) - 
(cis) 95.82(12) (trans) 172.35(14) 
O(tpa) - Cap Ni - t3 91.97(12) - O(tpa) - Cap Ni - 88.77(1 3)- 
O(chp) 98.17(13) O(tpa) 89.45(13) 
1.13-0(chp) - Cap Ni - 164.02(12) - OH - Vertex Ni - 95.95(13) - 
1.3-O(chp) 165.19(12) O(tpa) 
97.81(13) 
OH - Vertex Ni -99.60(12)- OH - Vertex Ni - 113- O(chp) (bridging metal 77.23(12) - O(chp) (chelating metal 100.99(12) 7830(13) 
site) __________________ site) 
OH - Vertex Ni - 160.93(14) - O(tpa) 
- Vertex Ni - 
1.13-  O(chp) (chelating 
160.96(13) - 
163.62(13) N(chp) 163.09(14) metal site) 
O(tpa) - Vertex Ni - 93.54(13) - O(tpa) - Vertex Ni - 99.63(14) - 
-O(chp) (bridging 96.89(14) N(chp) 102.15(15) 
metal site) 
p.3-0(chp) - Vertex Ni - 81.82(13)- N(chp) - Vertex Ni - O(chp) (chelating metal 61.58(14) -  1.t3-0(chp) (chelating 8468(12) site) 62.32(14) metal site) 
N(chp) - Vertex Ni - 95.24(16) - 
O(chp) (bridging metal 99.36(15) 
site) 	 ______ 
Table 3. 10 Selected metal bond angle ranges (°) with e.s.d.s in parenthesis for 14. Full bond lengths 
in Table 7.14 
The cap and vertex metal angles display the same trends observed in 13, with 
the variation between the complexes less than 50. The chelation of the vertex metal 
sites by the chp groups introduces the largest deviations, distorting all angles in the 
plane of the four membered chelate rings. While other bond angles display less 
deviation there is still a broad range of cis angle values of 77.23(12) - 99.36(15). For 
the three terminal ligands the Hchp groups show the least deviation in their cis bond 
angles which range 88.27(14) - 93.44(14). Those involving NO3 groups and MeCN 
groups are similar, ranging 87.7(2) - 97.09(16) and 88.55(19) - 96.06(17) 
respectively. The trans angles show the opposite trend with the smallest deviation in 
the NO3  and MeCN groups of 168.7(2) - 171.16(16) and 167.57(17) - 171.36(15) 
respectively, less acute than the only Hchp trans angle of 164.46(13). 
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3.10 Magnetic Properties of 14 
The magnetic behaviour of 14 was studied in a field of 100 G and temperature 
range of 290 - 1.8 K. The variation of product XmT with temperature of 14 shows a 
decline with temperature (Figure 3. 17). 
Figure 3. 17 Variation of XmT against T for 14 
The room temperature value of 14.2 ± 0.1 emu K mor' is greater than 
predicted for ten non-interacting S = 1 nickel centres with a g factor of 2.2 which 
leads to a value of 12.1 emu K mol4. The value of the product XmT declines with 
temperature consistent with aritiferromagnetic exchange between the metal centres, 
reaching a value of 2.71 ± 0.02 emu K moY' at 1.77 K. 
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3.11 Synthesis and Structure of 
[Co10(OH)6(tpa)6(chp)6(NO3)2(MeCN)4] 15 
The reaction of cobalt nitrate with Na(chp) and Na(tpa) in methanol for 24 
hours produced a paste which was dried in vacuo for several hours. Recrystallisation 
from acetonitrile produced crystals of [Co10(OH)6(tpa)6(chp)6(NO3)2(MeCN)41 15 in 
a 53% yield by weight of cobalt in 48 hours. While refmement to convergence was 
not completed due to poor crystal quality, connectivity was established (Figure 3. 
18). 
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Figure 3. 18 [Co10(OH)6(tpa)6(chp)6(NO3)2(MeCN)41 15 and metal atoms only 
While the poor crystallographic data means that few statistically meaningful 
bond length and angle observations can be made the overall topology of the cage is 
clearly that of a cttp-based complex. The connectivity is closely related to that of 13 
with the 01-I, tpa and pyridonate groups adopting the same bonding modes. The NO3  
and MeCN groups provide the additional bonds required by the vertex metal atoms. 
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3.12 Magnetic Properties of 15 
The magnetic behaviour of 15 was studied in a field of 100 G and temperature 
range of 290 - 1.8 K. The variation of product XmT with temperature of 15 shows a 
decline with temperature (Figure 3. 19) 
Figure 3. 19 Variation Of XmT with T for 15 
The room temperature value of 26.9 ± 0.5 emu K moi' corresponds well with 
the predicted value of 27.0 emu K mol' for ten non-interacting S = 3/2 Co(II) centres 
if a g value of 2.4 is assumed. The XmT product declines with temperature, consistent 
with antiferromagnetic exchange between the metal centres and reaches a value of 
3.80 ± 0.08 emu K mor' at 1.77 K. 
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3.13 Discussion 
Reactions involving pyridonate and carboxylate ligands have proved to be a 
rich source of high nuclearity complexes. Previous successes by this group included 
setting records for the worlds largest paramagnetic cobalt complex 39  and a 
dodecanuclear nickel complex 36  with the highest ground state recorded for that metal. 
We have also been able to establish a family based on the complex which first 
suggested that pyridonate groups could be excellent ligands for the synthesis of cages 
31 (Figure 3. 20). 
Figure 3. 20 [Co12(OH)6(02CMe)6(mhp)12] and metal atoms only 
This led to a creation of a group of complexes based on a 
[M1o(OH)6(xhp)6(02CR)6]2 core where M = Co or Ni, xhp = mhp or chp and R 
Me, Ph, ChMe2, CII2CI, CHPh2. While the rectangular faces were always capped one 
or both of the caps on the trigonal faces can be excluded based on the carboxylate 










Table 3. 11 cttp-based complexes synthesised 
The pattern was broken when [Niio(OH)4(mhp)10(02CCMe3)6(MeOH)2] I was 
synthesised in which the metal centres form an incomplete centred tetraicosahedron 
(Figure 3. 21 and Figure 3. 22).126 
Figure 3.21 [Ni10(014)4(mhp)10(02CCMe3)6(MeOH)2] I 
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Figure 3. 22 Metal atoms oft (green) with vacant vertices of a tetraicosahedron inserted in silver 
Complex I raised the question of whether some carboxylates, due to either 
steric bulk or electronic properties, were unsuitable for the formation of a cttp-based 
complex. A distinction between nickel and cobalt was suggested by the synthesis of 
[Coio(OH)6(mhp)6(02CCMe3)7C1(MeCN)3(H20)J J in which the metal atoms form a 
cttp. Complex J suggests that whatever factors favour the cttp topology are greater 
for cobalt than nickel. Into this background, reactions involving tpa began, where an 
obvious question was whether a cttp-based complex was possible with this ligand. 
The different steric properties of tpa had the potential for entirely new families of 
cages. Results presented in this chapter support this view with four new topologies 
formed and three additions to the family of cups (Table 3. 12). 
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number Solvent Time 
IC06(OH)2(chp)4a)6(Me2CO)21 Cobalt Nitrate chp Acetone 48 hours 13% 8 
[Ni7(OH)2(Hmhp)6(tpa)8(HCO2)2Cl Nickel Chloride mhp MeCN/hexane 15 months 7% 9 
[Ni9Na2(OH)2(chp)2(Hchp)tpa)8(HCO2)6(EtOAc) 
Nickel 
route A  
Chloride chp Ethyl acetate 13 months 6% 10 
[Ni8Na2(OH)2(chp)2(H6p)2(tpa)8(HCO2)6(EtOAc) 
route B 
Nickel Nitrate chp Ethyl acetate 72 hours 53% 10 
[Co8Na2(OH)2(mhp)2(hmhp)2(tpa)5(HCO2)6(EtOAc) Cobalt Nitrate mhp Ethyl acetate 48 hours 67% 11 
[Co10(OH)6(mhp)6(tpa)6(Hmhp)3(HCO3)31 Cobalt Chloride mhp Ethyl acetate 8 months Low 12 
[Ni 0(OH)6(tpa)6(rnhp)8(H20)2(MeOH) Nickel Chloride mhp Ethyl acetate 11 months 4% 13 
[Ni10(OH)6(chpH)(chp)6(02CCPh3)6(NO3)2(MeCN)3] Nickel Nitrate chp Acetonifrile 48 hours 34% 14 
[Co1 (OH)6(tpa)6(chp)6(NO3)2(MeCN)41 Cobalt Nitrate chp Acetoniile 148 hours 53% 15 
Table 3. 12 Summary of high nuclearity tpa complexes synthesised 
The synthesis of 12 suggested that while a cup complex was possible with tpa, 
the topology must alter. The edges connecting the triangular faces are elongated and 
the caps are rotated to the edges. The elongation of the trigonal axis was originally 
ascribed to the steric repulsion of the tpa phenyl rings. This in turn was believed to 
cause the rotation of the caps as it decreases the distance from edge to cap metal 
atoms that must be close enough to be bridged by tpa and mhp groups. 
These postulates were put into doubt with the synthesis of 13, which clouds the 
issue. It was surprising a cobalt cup cage with tpa showed fundamental alterations to 
previous cup-based complexes while a nickel one did not. Possibly the reactions 
were giving a series of products with one product crystallising out due to a subtle 
control of the recrystallisation solution. Or instead of one complex being a global 
minima there are several different complexes that are local minima with the one that 
crystallises determined by a fine control of reaction conditions. 
An examination of the van der Waal's radii of all atoms present in 12 reveals 
that the bicarbonate group is situated in a small cavity surrounded by phenyl and 
pyridonate rings (Figure 3. 23). Since few ligands will fit into the cavity this may 
explain the unusual presence of the bicarbonate anion. The poor yield and long 
reaction timescale make the synthesis of 12 far from ideal, and it is natural to search 
for methods of improving this. If the availability of a sterically undemanding ligand 
is important to the synthesis of 12 then bicarbonate yielded by slow dissolution into 
the reaction mixture is not an efficient method of determining this. 
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Figure 3. 23 van der WaaI's radii of atoms present in 12 
It is obviously far more productive to insert a suitable ligand from the 
beginning in order to try to maximise the yield or timescale. Therefore nitrate was 
chosen as a counteranion in an attempt to improve the synthesis of 12. 
The substitution of the chloride starting salts by those with nitrate in a series of 
reactions instead had more surprising effects. Instead of forming 12, crystals of 11, 
whose nickel equivalent 10 had already been synthesised in a poor yield, were 
obtained in a superior yield and timescale. The yield of 10 was then improved by 
substituting nickel chloride by nickel nitrate. The alteration of the counter anion 
obviously had a structure directing effect but not the one anticipated. The inclusion 
of formate anions muddies the issue further as their mechanism of formation is 
unclear and could not be discovered in the current literature. 
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While the use of nitrate starting salts did lead to a cobalt cup-based complex, it 
is not an analogue of 12. Complex 15 is a tpa equivalent of the other decanuclear 
cobalt complexes H and J. It remains unclear why a nitrate counter anion should lead 
to 15 while chloride leads to 12. The use of different recrystallisation solvents, ethyl 
acetate for 12 and acetonitrile for 15, may also play an important role in combination 
with the counter anion. With a reaction system that has so many variables it remains 
difficult to readily identify what driving forces favour specific complexes. 
The reactions producing complexes from nitrate salts are, on the whole, 
improved syntheses: the yields and timescales are substantially better than the 
reactions with chloride salts (Table 3. 12). The complexes from nitrate starting salts 
recrystallised from a variety of solvents (acetone, acetonitrile and ethyl acetate), all 
bar one of those from chloride salts recrystallised from ethyl acetate. The variation 
observed between the reactions of nitrate and chloride salts introduces another 
variable into an already complex system. 
A comparison of all cores indicates to what extent use of tpa alters the metal 
atom positions. A straightforward means of analysis is to calculate the Root Mean 
Square deviation (RMS) of the metal sites between the cup-based complexes (Table 
3. 13). 
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A B C D E F G H J 13 15 14 
A - 0.07 0.25 0.20 0.13 0.12 0.10 0.13 0.18 0.13 0.14 0.15 
B 0.07 - 0.25 0.20 0.12 0.13 0.11 0.15 0.21 0.14 0.17 0.17 
C 0.25 0.25 - 0.06 0.14 026 0.22 0.27 0.28 0,20 0.21 0.21 
D 0.20 0.20 0.06 - 0.09 0.21 0.17 0.22 0.24 0.16 0.17 0.16 
E 0.13 0.12 0.14 0.09 - 0.15 0.10 0.17 0.21 0.13 0.16 0.13 
F 0.12 0.13 0.26 0,21 0.15 - 0.07 0.12 0.15 0.07 0.11 0.09 
G 0.10 0.11 0.22 0.17 0.10 0.07 - 0.10 0.16 0.07 0.11 0.09 
H 0.13 0.15 0.27 0.22 0.17 0.12 0.10 - 0.10 0.13 0.12 0.14 
J 0.18 0.21 0.28 0.24 0.21 0.15 0.16 0.10 - 0.13 0.13 0.13 
13 0.13 0.14 0.20 0.16 0.13 0.07 0.07 0.13 0.13 - 0.09 0.06 
15 0.14 0.17 0.21 0.17 0.16 0.11 0.11 0.12 0.13 0.09 - 0.06 
14 0.15 0.17 0.21 0.16 0.13 0.09 0.09 0.14 0.13 0.06 0.06 - 
Av 0.13 0.16 0.21 0.17 0.14 0.13 0.12 0.15 0.17 0.12 0.13 0.12 
Table 3. 13 RMS fit of the ten constant metal atom positions of all cttp-based complexes. The 
formulae of complexes A - H are presented in Table 3. 11. In the interests of clarity a fit at or above 
0.20 is highlighted in red, those below 0.1Oin blue. The final row gives an average value. 
The RMS fit values of the M10 cores illustrate that the cores of 13, 14 and 15 
do not show relative distortions from the other M10 cores. The highest RMS fit values 
are for the two undecanuclear nickel complexes C and D, which co-crystallise with 
an anion forming hydrogen bonds to the vacant trigonal face, and for the cobalt 
complex with 02CCMe3 J. In fact 13 and 14 have two of the lowest average RMS fit 
values of all the metal cores. So while use of tpa has led to different topologies in 8, 
10 and 11 it extends the family of clip cages without deviating from the established 
connectivity or introducing significant distortions to the metal positions. 
While the reactions which led to the syntheses of 8 - 15 were being carried out 
a cobalt equivalent of I was recrystallised from EtOH, 
{Co10(OH)4(chp)10(02CCMe3)6(H20)2J K. The formation of K continues the idea that 
there are a range of cages present in solution and the factors which decide which 
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product is obtained by recrystallisation from a given solvent may be very finely 
balanced. This then poses a challenge to properly understand how to control or direct 
the synthesis of a particular complex. 
Unlike the cup-based complexes, cages 8, 10 and 11 do not extend the range of 
previous families. Complex 8 does not fall into the common chair, wheel and 
octahedral hexanuclear topologies discussed in the introduction. The [M30H] 
distorted tetrahedral subunits present in 8 are common in larger cages, and the two 
parallel metal triangles are of course the striking feature of the cup-based complexes. 
However the two triangles of cobalt atoms are distorted, with one cobalt - cobalt 
inter-triangular distance shorter than the other two (Figure 3. 24). 
Figure 3. 24 Metal atoms of complex 8. 
As with complex 8, complex 9 can be described in terms of two [M30H] 
subunits, with an additional metal atom creating an approximately co-linear group of 
five cobalt atoms. The metal atoms do not form a shape that is recognised as a 
fragment of larger complexes, or that is closely related to other heptanuclear 
complexes synthesised (discussed in section 1.3.2). 
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Figure 3. 25 Metal atoms of complex 9 
Cages 10 and 11 extend the range of cobalt and nickel complexes formed with 
alkali metals and pyridonate ligands. However it is not possible to discern a family of 
related structures. Unlike the hexadecanuclear nickel complex with phthalate and chp 
ligands (Fig 1.36), the metal and donor atoms of 10 and 11 do not form recognisable 
polyhedra (Figure 3. 26). 
Figure 3. 26 Transition metal (purple), sodium (yellow) and donor atoms of 10 and 11 
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An assessment of the location of the metal atoms suggests that, unlike the 
hexanuclear nickel complex with tma and mhp groups (Fig 1.11), the sodium and 
transition metal atoms do not form well-defined polyhedra. However certain 
characteristics are similar to those observed in cttp-based cages (Figure 3. 27). 
Figure 3. 27 Transition metal (green) and sodium (yellow) atoms present in 10 and 11 
Six of the transition metal atoms form two nearly parallel triangles, with one 
triangle edge significantly longer than the remaining two edges. The final two 
transition metal atoms lie between the planes formed by the triangles, at the 
approximate centre of the smaller rectangular faces. The sodium atoms lie in the 
plane of the two transition metal triangles, near the centre of the longest triangle 
edge. 
While parallel triangles with face-capping atoms are features of cup-based 
cages, there is a temptation to see strong patterns or comparisons where there are 
few. The inclusion of alkali metal atoms and overall geometry of the octanuclear 
complexes 10 and 11 represent new, surprising high nuclearity complexes. 
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3.14 Experimental 
All the metal chlorides, metal nitrates, Htpa, Hmhp, Hchp and Na(OMe) were 
obtained from Aldrich. The sodium salts of Htpa, Hchp and Hmhp were prepared 
essentially quantitatively from a 1:1 reaction with Na(OMe) in methanol. X-ray 
diffraction studies were carried out on a Stoë STADI - 4 four-circle diffractometer 
with an Oxford Cryosystems low temperature device' 15 for 9 and 11 - 13; using Cu-
Ku radiation for 13 and Mo-Ku radiation for 9, 11 and 12; co-scans for 9, 10, 12, 13 
and 15; co-0 for 11. Data for 8, 10 and 14 - 15 was collected on an Enraf Nonius 
Kappa CCD area detector using a rotating anode operating at 50 Ky, 50 mA using 
Mo-Ku radiation using co-scans for 10, 15 and co-O for 8 and 14. Data collection and 
processing used the programs Collect '27, DENZO'28 and maXus129. Data were 
corrected for Lorentz and polarisation factors. 
Structure 9 was solved by the Patterson method using DIRDIF"8 and all other 
structures solved by direct methods using SHELXS-97'30 (8, 11, 12, 14) or SIR-92'2°  
(10, 13, 15). Refinement was completed by iterative cycles of AF2-syntheses and full-
matrix least squares refinement. Throughout all structures hexagonal restraints were 
applied to phenyl rings exhibiting disorder. 
In all syntheses any precipitate that formed in the recrystallisation vessel was 
removed by filtration and the filtrate was allowed to stand under the same conditions. 
[C06(OH)2(chp)4(tpa)6(Me2CO)2] 8 
Co(NO3)2.6H20 (0.500 g, 1.718 mmol) was mixed with Na(chp) (0.260 g, 
1.718 mmol) and Na(tpa) (0.533 g, 1.718 mmol) in MeOH (150 ml) for 24 hours. 
The solution was evaporated to dryness under reduced pressure and the resultant 
paste was dried for 3 - 4 hours in vacuo. After the blue powder was redissolved in 




NiC12.6H20 (0.500 g, 2.101 mmol) was mixed with Na(mhp) (0.275 g, 2.101 
mmol) and Na(tpa) (0.651 g, 2.101 mmol) in MeOH (150 ml) for 24 hours. The 
solution was evaporated to dryness under reduced pressure and the resultant paste 
was dried for 3 - 4 hours in vacuo. The green powder was then redissolved in MeCN 
(ca. 15 ml), forming a green solution into which hexane vapour was allowed to 
slowly diffuse. Green crystals grew after fifteen months in a 7% yield (by weight of 
nickel). 
The crystals that were grown diffracted extremely poorly and a refinement to 
convergence was not completed. The conventional R factor [F>4(F)] is 19.75% for 
6667 data, R indices for all 9084 data are RI = 22.29%, wR2 = 47.84%. The highest 
peaks in the electron difference map were —1.34 and +1.47 e.A 3. 
[Ni8Na2(OH)2(chp)2(Hchp)2(tpa)8(HCO2)6(EtOAc)2] 10 
Route A: As 9 but 4.202 mmol Na(chp) substitutes Na(mhp). After the green 
powder was redissolved in ethyl acetate (Ca. 15 ml) Green crystals grew after thirteen 
months in a 6% yield (by weight of nickel). 
Route B: As 8 but 1.718 mmol Ni(NO3)2.6H20 substitutes Co(NO3)2.6H20. 
After the green powder was redissolved in ethyl acetate (ca. 15 ml) green crystals 
grew in 72 hours in a 53% yield (by weight of nickel). 
[Co8Na2(OH)2(mhp)2(ITnihp)2(tpa)8(HCO2)6(EtOAc)2] 11 
As 8 but 1.718 mmol Na(mhp) substitutes Na(chp). After the blue powder was 
redissolved in ethyl acetate (ca. 15 ml) purple crystals grew after 48 hours in a 67% 
yield (by weight of cobalt). 
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[Coi o(OH)6(mhp)6(tpa)6(I-[mhp)3(HCO3)31 12 
As synthesis for 9 but CoC12.61-120 substitutes NiC12.61-120 and 4.202 mmol 
Na(mhp) was used. The dark blue powder was redissolved in ethyl acetate (ca. 10 
ml) and red crystals grew after eight months in a low yield. 
If Na(chp) is used in the place of Na(mhp) then red crystals grow from a 
solution formed from ethyl acetate (Ca. 1 OmI) after 7 months in a yield of 
approximately 3 - 4%. The unit cell of the crystals was determined to be 19.079 
(0.002) 19.079 (0.002) 82.226 (0.011) 90.000 90.000 120.000 and structure solution 
and refinement led to an analogue of 12 with severely disordered solvent lying in the 
crystal lattice. The monoanion fragment sharing a full occupancy with an Hmhp 
molecule was also disordered and could not be fully identified. However the metal 
and other ligand positions were confirmed to be equivalent to those in 12, as a 
conventional R factor of 9.26% was achieved. The highest electron peaks in the 
difference map were +1.857 and —2.374. 
[Ni 10(OH)6(tpa)6(mhp)g(H20)2(MeOH)21 .3 .75EtOAc 13 
As synthesis for 9 but 4.202 mmol Na(mhp) was used and the dry powder was 
redissolved in ethyl acetate (Ca. 10 ml). Green crystals grew after eleven months in a 
4% yield (by weight of nickel). 
[Ni 1o(OH)6(chpH)(chp)6(O2CCPh3)6(NO3)2(MeCN)3] . 8MeCN.2H20 14 
As 8 but 1.718 mmol Ni(NO3)2.6H20 substitutes Co(NO3)2.6H20. After the 
green powder was redissolved in acetonitrile (ca. 15 in]) green crystals grew after 48 
hours in a 34% yield (by weight of nickel). 
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[Coio(OH)6(tpa)6(chp)6(NO3)2(MeCN)41 15 
As 8 but after the blue powder was redissolved in acetonitrile (Ca. 15 ml) pink 
crystals grew after 48 hours in a 53% yield (by weight of cobalt). 
The crystals that were grown diffracted poorly and a refinement to 
convergence was not completed. The conventional R factor [F>4c(F)] is 14.70% for 
8965 data, R indices for all 17792 data are Ri = 20.08%, wR2 = 36.56%. The 
highest peaks in the electron difference map were —0.92 and +1.24 e.k3. 
Complex C% H% N% 
62.10 4.26 2.08 [Co6(OH)2(chp)4(tpa)6(Me2CO)2]* 8 
(63.94) (4.23) (2.04) 























[Ni10(OH)6(chpH)(chp)6(02CCPh3)6(NO3)2(MeCN)3]. 52.79 3.19 4.24 
8MeCN.2H20* 14 (54.25) (3.57) (4.72) 
53.95 3.62 4.20 
[Co10(OH)6(tpa)6(chp)6(NO3)2(MeCN)4] 15 (54.59) (3.63) (4.84) 
Table 3. 14 Elemental analysis for 8 - 15. Expected values are in parenthesis. 
* Denotes calculation of expected C, H and N percentages based on a 
desolvated lattice. Crystals of 14 and 8 turn to a powder in the air after 30 minutes. 
# Denotes Cl-IN analysis was not carried out due to insufficient sample or 
sample decomposition. 
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Chapter 4: Copper Complexes with 




Reactions of copper carboxylate complexes with pyridones were completed to 
establish whether carboxylates with greater steric bulk would form new cages. 
Molecular modelling studies are discussed which evaluate the close contacts that are 
generated if trimethyl or triphenylacetate replaces acetate in an octanuclear complex 
previously established. '3' The products obtained from the reactions, as well as that 
with diphenylacetate, are described and are discussed in relation to the implications 
from the modelling studies. 
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4.2 Introduction 
Previous reactions with copper and pyridonate and carboxylate ligands lead to 







Table 4. 1 All [Cu8(0)2(02CR)4(xhp)8] complexes synthesised 
Figure 4. 1 [Cu8(0)2(02CMe)4(chp)8} 
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The cages are isostructural, differing only in the substituents on the pyridonate 
rings or carboxylate groups. The syntheses are accomplished by heating a mixture of 
the hydrated copper carboxylates and pyridone to 1500  C; some complexes can also 
be formed by reactions in solution. The complexes could be synthesised in yields of 
up to 78% and show that pyridonate and carboxylate ligand systems are successful 
combinations for the synthesis of cages for metals other than nickel and cobalt. 
Complexes discussed in chapter three show that a variation of the carboxylate 
can alter the topology of the cage formed. The octanuclear copper complexes are 
isostructural with the different carboxylate groups used, however it was thought that 
reactions involving bulkier carboxylates may lead to new topologies. 
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4.3 Molecular Modelling of [Cu8(0)2(02CR)4(chp)8] R = 
CMe3 and CPh3  
Molecular modelling studies were carried out using the Universal Force Fields 
method described in Chapter 2.112.113114 Trimethyl and triphenylacetate groups were 
inserted at the positions the acetate groups occupy in {Cu8(0)2(02CMe)4(chp)8]. The 
copper - oxygen and copper - nitrogen bonds were constrained to keep their values 
fixed. Close contacts between non-bonded atoms were located using the Lennard-
Jones 6-12 potential. Contacts of 0.891 multiplied by the sum of the van der Waal's 
radii (r1 ) mark the crossover from attractive to repulsive regions on the potential well 
(van der Waal's radii used listed in Appendix 7.1). The most favourable non-bonded 
interaction is at the sum of the van der Waal's radii, and significantly shorter contacts 
were observed (Figure 4. 2). 
Figure 4. 2 Modelled [Cu8(0)2(chp)8(02CCMe3)4} with contacts between non-bonded atoms of less 
than 0.950 rij highlighted. 
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No non-bonded contacts of 0.891 r1 were observed when trimethylacetate 
ligands substitute acetate groups. Even if the multiplication factor is altered to 0.950 
then non-bonded contacts are observed between hydrogen - hydrogen and hydrogen - 
oxygen. The former involves the least electronic repulsion and latter can be 
considered at least partially favourable given that the two atoms have different 
polarities. Unsurprisingly inserting triphenylacetate in the place of acetate generates 
more close non-bonded interactions (Figure 4. 3). 
Figure 4. 3 Modelled [Cu8(0)2(tpa)4(chp)8} with contacts of less than 0.910 r1 highlighted 
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All the contacts of less than 0.891 rij involve hydrogen with carbon, oxygen or 
chlorine. However when the multiplication factor is increased to 0.910 a carbon - 
carbon contact of 3.09 A is discovered between pyridonate and phenyl rings. This 
contact is closer than any non-bonded distance between non-hydrogen atoms in 
previously synthesised octanuclear copper complexes with carboxylate and 
pyridonate ligands. Synthesis of an octanuclear complex with triphenylacetate and 
the same core will therefore involve closer contacts then any yet observed. 
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4.4 Synthesis and Structure of [Cu8(0)2(tma)4(ch08] 16 
A mixture of copper trimethylacetate and Hchp was heated to 1500  at which 
point it formed a dark green molten solution. Recrystallisation from acetonitrile 
produced crystals of [Cu8(0)2(tma)4(chp)8] 16 in a yield of 18% by weight of copper 
after two weeks (Figure 4. 4). 
Figure 4. 4 [Cu8(0)2(trna)4(chp)8] 
Complex 16 is isostmctural to previous octanuclear copper complexes with 
pyridonate and carboxylate ligands. It consists of a core of [Cu602]8 edge sharing 
bitetrahedron with the shared edge central copper sites (Cul and Cu2) bridged by 
i.t4-oxide and acetate groups to the other bitetrahedron copper atoms (CO, Cu4, Cu5 
and Cu6). Two copper atoms (Cu7 and Cu8) lie at each end of the cage with their Cu 
- Cu vector passing through the centre of the bitetrahedron. Copper centres Cul and 
Cu2 lie in distorted octahedral environments, all others are square planar. 
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The chp ligands bond in two modes; four bridge end and outer bitetrahedron 
copper atoms through oxygen and nitrogen atoms respectively and four bond to the 
end metal sites via the nitrogen atom and bridge outer and centre bitetrahedron metal 
sites with the oxygen atom. The bond lengths are at similar values to those observed 
in the previous octanuclear complexes (Table 4. 2). 
Cul-01 1.966(4) Cu4-02 1.886(4) 
Cul-0113 1.977(4) CA-026 1.965(4) 
Cu 1-01 D 1.945(4) Cu5-N12 1.997(5) 
Cul-02 1.951(4) Cu5-01 1.890(4) 
Cul -026 2.356(4) Cu5-01 C 1.924(5) 
Cul-028 2.393(4) Cu5-028 1.968(4) 
Cu2-01 1.955(4) Cu6-N13 1.999(5) 
Cu2-02 1.965(4) Cu6-01 1.889(3) 
Cu2-025 2.374(3) Cu6-027 1.989(4) 
Cu2-027 2.331(4) Cu6-02D 1.933(5) 
Cu2-02A 1.973(4) Cu7-N16 1.969(5) 
Cu2-02C 1.998(4) Cu7-N17 1.977(5) 
Cu3-N11 2.012(4) Cu7-023 1.940(5) 
Cu3-02 1.896(3) Cu7-024 1.915(5) 
Cu3-025 1.979(4) Cu8-N15 1.971(6) 
Cu3-02B 1.924(4) Cu8-N 18 1.999(7) 
Cu4-N1 4 2009(4) Cu8-021 1.921(5) 
Cu4-01A 1.919(4) Cu8-022 1.918(5) 
Table 4. 2 Full copper bond lengths (A) with e.s.d.s in parenthesis for 16 
The shortest bonds are from the octahedral copper atoms to the oxide and tma 
oxygen atoms, with ranges of 1.951(4) - 1.966(4) A and 1.945(4) - 1.998(4) A 
respectively. The bonds to chp group oxygens at 2.331(4) - 2.393(4) A are 
significantly longer, consistent with tetragonal distortion of an octahedral ligand set 
due to the Jahn-Teller effect. 
135 
The closest contacts the square planar copper centres form are to oxide ligands 
at 1.886(4) - 1.896(3) A, with longer bonds to t1 -O(chp) and O(tma) atoms at similar 
distances of 1.915(5) - 1.940(5) A and 1.919(4) 1.933(5) A. The t2-0(chp) and 
N(chp) atoms form the longest bonds with overlapping ranges of 1.965(4) - 1.989(4) 
A and 1.969(5) - 2.012(4) A respectively. The three different copper sites display a 
significant variation in bond angles (Table 4. 3). 
The octahedral copper atoms display the greatest range for the oxide - Cu - 
O(chp) angles, which vary 75.99(14) - 99.96(14)°. Other cis angles are more regular 
and fall in the range of 82.22(15) - 96.39(16)°. Only two types of trans angles exist 
and lie in slightly different ranges; t2-0(chp) - Cu - p2-0(chp) range 172.28(15) - 
174.18(15)° and oxide - Cu - t2-0(tma) range 166.67(16) - 170.59(16)°. 
The square planar copper centres in the bitetrahedron are in less regular 
environments than those at each end of the molecule with cis and trans angles at 
86.3(2) - 96.77(17)° and 157.03(19) - 161.99(18)° respectively. The end copper 
centres show less deviation from an ideal geometry for cis (86.9(2) - 94.2(2)°) and 
trans (164.8(2) - 173.4(2)°) bond angles. The trend in bond angles is in line with 
what has been observed in previous octanuclear copper pyridonate complexes. 
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01 D-Cul-02 170.59(16) 	'02-Cu3-N1 1 159.04(19) 
01 D-Cul-01 96.39(16) 02B-Cu3-N1 1 86.69(19) 
02-Cu 1-01 82.31(15) 025-Cu3-N1 1 94.75(17) 
01 D-Cul-01 B 86.92(17) 02-Cu4-01A 95.15(16) 
02-Cul -01 B 96.04(16) 02-Cu4-026 88.36(16) 
01-Cul-01B 169.37(16) 0IA-Cu4-026 158.59(18) 
01 D-Cul-026 94.63(16) 02-Cu4-N14 161.99(18) 
02-Cu 1-026 76.48(14) 01A-Cu4-N14 89.18(19) 
01 -Cul -026 99.76(14) 026-Cu4-N1 4 93.98(18) 
01 B-Cul -026 90.01(15) 01 -Cu5-01 C 95.78(18) 
01 D-Cul-028 92.27(16) 01 -Cu5-028 88.99(15) 
02-Cu 1-028 96.43(15) 01 C-Cu5-028 158.9(2) 
01 -Cul -028 75.99(14) 01 -Cu5-N1 2 160.5(2) 
01 B-Cul -028 93.82(15) 01 C-Cu5-N1 2 86.3(2) 
026-Cul -028 172.28(15) 028-Cu5-N1 2 96.1(2) 
01-Cu2-02 82.22(15) 01-Cu6-02D 96.77(17) 
01 -Cu2-02A 168.83(15) 01 -Cu6-027 87.31(16) 
02-Cu2-02A 95.57(16) 02D-Cu6-027 157.03(19) 
01 -Cu2-02C 96.23(16) 01 -Cu6-N1 3 159.27(19) 
02-Cu2-02C 166.67(16) 02D-Cu6-N 13 92.9(2) 
02A-Cu2-02C 88.40(17) 027-Cu6-N 13 90.88(19) 
01 -Cu2-027 76.77(15) 024-Cu7-023 172.56(19) 
02-Cu2-027 99.96(14) 024-Cu7-N 16 93.0(2) 
02A-Cu2-027 92.92(15) 023-Cu7-N16 86.9(2) 
02C-Cu2-027 92.51(15) 024-Cu7-N1 7 89.0(2) 
01 -Cu2-025 97.88(14) 023-Cu7-N 17 91.9(2) 
02-Cu2-025 76.80(13) NI 6-Cu7-N 17 173.4(2) 
02A-Cu2-025 92.23(15) 022-Cu8-02 1 164.8(2) 
02C-Cu2-025 90.36(14) 022-Cu8-N1 5 89.3(2) 
027-Cu2-025 174.18(15) 021 -Cu8-N1 5 91.8(2) 
02-Cu3-02B 96.41(16) 022-Cu8-N 18 94.2(2) 
137 
02-Cu3-025 88.92(15) 021 -Cu8-N1 8 87.0(2) 
r026cu3-025 161.26(19) Ni 5-Cu8-Ni 8 171.0(2) 
Table 4. 3 Full copper bond angles (°) with e.s.d.s in parenthesis for 16 
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4.5 Synthesis and Structure of [Cu2(tpa)4(Et20)2] 17 
A mixture of copper triphenylacetate and Hchp was heated to 1500  C at which 
point it formed a dark green molten solution. Recrystallisation from a mixture of 
dichioromethane and diethyl ether produced crystals of [Cu2(tpa)4(Et20)21 17 in a 
yield of 26% by weight of copper after three days (Figure 4. 5). 
Figure 4. 5 [Cu2(tpa)4(Et20)2] 
Complex 17 continues the family of triphenylacetate dinuclear complexes in 
which the oxygen atoms of the triphenylacetate groups form two planes around each 
metal atom. The diethyl ether molecules co-ordinate terminally at each end of the 
complex. The metal bond lengths show a predictable ligand variance (Table 4. 4). 
139 
Cul-01D 1.957(12) Cu2-02C 1.924(15) 
Cul-01C 1.953(13) Cu2-01 B 1.945(13) 
Cul-01A 1.958(14) Cu2-02D 1.956(14) 
Cul-02B 1.970(14) Cu2-02A 1.984(11) 
Cul-01T 2.183(8) Cu2-01S 2.179(8) 
Table 4. 4 Full copper bond lengths (A) with e.s.d.s. in parenthesis for 17 
The two copper centres lie in the same environment at a separation of 
2.5594(17) A. Bond lengths for both metal sites are statistically equivalent, with the 
bonds to oxygen atoms from tpa groups shorter (1.924(15) - 1.984(11) A) than those 
from diethyl ether groups (2.179(8) - 2.183(8) A). The copper bond angles are 
displayed in Table 4. 5. 
01D-Cul-01C 87.4(5) 02C-Cu2-0IB 166.4(5) 
01 D-Cul -01 A 163.3(5) 02C-Cu2-02D 88.9(6) 
01 C-Cul -OIA 81.3(6) 01 B-Cu2-02D 97.4(6) 
01 D-Cul -02B 98.9(5) 02C-Cu2-02A 81.7(6) 
01 C-Cul -02B 165.8(5) 01 B-Cu2-02A 89.9(5) 
01A-Cul -02B 89.6(6) 02D-Cu2-02A 166.1(5) 
01 D-Cul -01T 92.5(5) 02C-Cu2-01 S 98.2(6) 
01 C-Cul -01 T 97.6(6) 01 B-Cu2-01 S 93.3(6) 
01A-Cul -OIT 101.2(6) 02D-Cu2-01 S 95.3(6) 
02B-Cul -01 T 94.8(6) 02A-Cu2-01 S 96.0(6) 
Table 4. 5 Full copper bond angles (°) with e.s.d.s in parenthesis for 17 
The tpa group oxygen atoms are drawn closer to the centre of the molecule 
away from the diethyl ether groups. So the cis angles involving diethyl ether oxygen 
atoms are all obtuse, ranging 92.5(5) - 101.2(6)°. Other cis angles vary 81.3(6) - 
98.9(5)° and trans angles display a narrower variation at 163.3(5) - 166.4(5)°. 
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4.6 Synthesis and Structure of [Cu2(dpa)4(Hmhp)2] 18 
A mixture of copper diphenylacetate and Hmhp was heated to 1500  C at which 
point it formed a dark green molten solution. Recrystallisation from acetonitrile 
produced crystals of [Cu2(dpa)4(Hmhp)2] 18 in a yield of 31% by weight of copper 
after two days (Figure 4. 6). 
Figure 4. 6 [Cu2(dpa)4(Hmhp)2] 
Complex 18 crystallises on an inversion centre, only one copper is 
crystallographically unique. The copper centres have a greater separation, 2.6294(12) 
A, than that observed in 17. Little metal-ligand bond length variation between 17 and 
18 is observed (Table 4. 6). 
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Cul-01 1.969(3) Cul-02 1.962(3) 
Cul-03 2.149(3) Cul-04 1.975(3) 
Cul-05 1.952(3) 
Table 4. 6 Full copper bond lengths (A) with e.s.d.s in parenthesis for 18 
The copper bonds to pyridone group oxygens in 18 are longer than those to 
diethyl ether molecules in 17; carboxylate oxygen atoms lie in statistically similar 
ranges between 17 and 18. Complex 18 displays a bond angle pattern related to 17 
(Table 4. 7). 
0(1 )-Cu(1 )-0(3) 99.72(13) 0(4)-Cu(1 )-0(3) 92.19(13) 
0(1 )-Cu(1 )-0(4) 168.09(14) 0(5)-Cu(1 )-0(1) 90.57(14) 
0(2)-Cu(1 )-0(1) 88.06(14) 0(5)-Cu(1 )-0(2) 168.21(13) 
0(2)-Cu(1 )-0(3) 100.14(13) 0(5)-Cu(1 )-0(3) 91.63(13) 
0(2)-Cu(1 )-0(4) 90.30(14) 0(5)-Cu( 1 )-0(4) 88.64(14) 
Table 4. 7 Full copper bond angles (A) with e.s.d.s in parenthesis for 18 
The cis angles involving the Hmhp group oxygen atom are all obtuse with a 
range of 91.63(13) - 100.14(13). The dpa group oxygen cis angles show less 





]8 core present in complex 16 displays little difference from that in 
the modelled complex. The primary difference lies in the orientation of the 
pyridonate rings, which undergo a slight reorientation to distance themselves from 
the trimethyl groups (Figure 4. 7). 
Figure 4. 7 Comparison of modelled (red) and crystallised (green) [Cu8(0)2(trna)4(chp)8] 
While it was postulated that the introduction of triphenylacetate would not 
produce another isostructural octanuclear cage, it was hoped greater nuclearities than 
dinuclear complexes would result. Reactions with diphenylacetate were completed to 
evaluate if the slightly less sterically hindered carboxylate would produce a different 
species. The initial modelling studies focussed only on trimethylacetate and 
triphenylacetate ligands, more extensive modelling studies could suggest other 
carboxylates to include in reactions. 
The inter-copper distances in the dinuclear complexes would be expected to 
depend on the ligand at the axial positions. A strong ligand would be expected to 
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create a greater inter-metal distance. At 2.5594(17) A the Cu-Cu distance in 17 is 
significantly shorter than that in 18, 2.6294(12) A. This corresponds to the weaker 
ligation ability of ether relative to an alcohol. A survey of the copper dinuclear 
complexes with four carboxylate ligands present in the CSD gave no listing of those 
with axial ether molecules. Therefore it is not possible to compare the copper bonds 
to ether oxygen atoms in 18 to any related structures. A basic analysis of the full 
range of inter-copper distances, with no breakdown by functional group, shows that 
the inter-copper distance in 17 is near the minimum distance observed (Table 4. 8). 
Number of complexes 291 
Minimum inter-copper distance (A) 2.553 
Maximum inter-copper distance (A) 3.261 
Average inter-copper distance (A) 2.677(7) 
Table 4. 8 Inter-metallic distances present in copper complexes with four carboxylate complexes from 
crystal structures in the CSD 
A survey of the copper carboxylate complexes created will determine if 
pyridonates are related to the other groups present (Table 4. 9). 
Formula Polyhedra formed by the metal atoms 
]132 K [Cu6Pr(cmcpg)6][Pr(H20)1
0 Wheel centred on the Pr atom 
[Cu6(02CMe)2(OH)2(MeOH)(L1)]'33  Boat 
L 
34 
 [Cu6(02CMe)e(deae)4(OH)2]1 	M Edge-sharing bitetrehedron 
çCu6(O2CCHClMe)6(deae)4()2
35 	 1 Edge-sharing bitetrehedron N 
[Cu6(02CCH2OPh)12]136 0 Chair 
[Cu6(tma)6(EtO)6]137 P Wheel 
[Cu7(02CPh)4(pah)4][NO3]2138 Q Centred square + dimer 
[Cu7(02CMe)6(dpk)3(OH)2]139 R Vertex sharing bitetrehedron 
[Cu9(02CCHCl2)1 0(dmae)6(OH)2]140  2 edgecapped cap-sharing tetrahedra 
T 
[Cu12(02CMe)12(dpk)61139 S Octahedron with 6 satellites 
Table 4. 9 High nuclearity copper complexes with carboxylate ligands. Ligand abbreviations are 
explained in the following descriptions 
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The most common copper carboxylate cages are hexanuclear. Two of the most 
frequent topologies observed in nickel and cobalt nuclearity, the chair (Figure 4. 8) 
and the boat (Figure 4. 9) polyhedra are also present with copper. 
Figure 4. 8 [Cu6Pr(cmcp9)6][Pr(H20)!o] K, cmcpg = N carboxymethyIN(2CarbOXypheflYI)gIYC1flat0 
Each cmcpg ligand forms three 5-membered chelate rings to one copper atom, 
the remaing bond of the copper's square based pyramidal coordination sphere is from 
an oxygen atom of an adjacent cmcpg molecule. The central praseodymium atom is 
12-coordinate, chelated by each of the six cmcpg ligands. More complex ligands may 
also form the common topologies (Figure 4. 9). 
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Figure 4. 9 [Cu6(02CMe)2(OH)2(Me0EI)(L1)] L. Li is a ligand described as a Robson macrocycle 
One copper site is in a square planar geometry with a distance of 2.62 A to an 
acetate oxygen in the axial position, all other copper centres lie in a square based 
pyramidal environments. Li provides 3-coplanar bonds to each copper atom and the 
remaining bonds are provided by terminal methanol and bridging hydroxide and 
acetate ligands. It is unusual to find a single ligand that essentially provides 
coordination environments for the metal atoms to fit into, however there are 
advantages to this approach. Unlike the high nuclearity complexes formed by 
combinations of smaller multidentate ligands, a macrocyclic ligand may be able to 
impose a structure for the cage affording a more controlled synthetic strategy. 
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Cu 	The remaining hexanuclear copper carboxylate complexes have 
simpler ligand systems. Diethylaminoethanolato molecules chelate 
CL[ \j one copper site and bridge to edge-sharing bitetrahedron cages M and i  N (Figure 4. 10), which are structurally equivalent. 
Figure 4. 10 Binding mode of diethylaminoethanolato (deae) 
Complex 0 continues the family of cages in which the metal sites form a chair. 
Each phenoxyacetate molecule adopts the familiar 1,3-bridging mode displayed by 
carboxylates. In complex P pairs of ethoxide and tma ligands bridge alternately, 
creating a wheel of six copper centres with shorter (2.97 A) and longer (3.07 - 3.11 
A) inter-copper distances between the metal sites bridged by ethoxide and tma 
groups respectively. Uniquely among the high nuclearity complexes, Q may be 
considered as a combination of a dinuclear complex with a larger cage (Figure 4. Ii). 
Figure 4. 11 [Cu7(02CPh)4(pah)4][NO3]2  Q, pah = Phenylalaninehydroxamato 
One of the copper atoms of the [Cu2(02CPh)4] subunit forms a bond with a pah 
oxygen donor. Interestingly only one pah molecule provides this inter-complex 
linkage. The two metal sites bridged by the pah oxygen atom that links the two 
subunits are in square-based pyramidal geometries; all other metal atoms lie in 
square planar environments. Complex Q suggests that the growth of dinuclear 
complexes into larger cages may be afforded by the selection of ligands that can 
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provide terminal bonds to the copper centres. In the only other heptanuclear copper 
complex R di-2-pyridyl ketone groups (dpk) continue the range of cages in which the 
metal atoms form linked bitetrahedra, in this case sharing an edge. 
T is the only nonanuclear copper cage with carboxylate ligands. The copper 
atoms form two tetrahedra, with the final atom capping the edges 
CU 
Cu 	 of each tetrahedron. 2-Dimethylaminoethanolato (dmae) ligands 
chelate one metal and bridge to two more through the oxygen atom 
Cu" 	
(Figure 4. 12). The dichioroacetate groups bridge between two 
N 	
and three copper centres. The largest copper carboxylate complex 
created also has a ligand present that forms a 5-membered chelate 
ring with oxygen and nitrogen donor atoms (Figure 4. 13). 
Figure 4. 12 Binding mode of dmae ligands in T 
Figure 4. 13[Cu12(O2CMe) 2(dpk)o] S 
The central six copper sites form an octahedron, the outer six a chair (Figure 4. 
14). 
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Figure 4. 14 Metal atom positions in S 
The dpk ligands, also present in R, chelate two copper centres through the 
oxygen and nitrogen donor atoms and bridges to two more copper atoms via the two 
oxygen atoms. Acetate groups, chlorinated on one occasion, are the most common 
carboxylate observed in the high nuclearity copper complexes. In S the acetate 
groups bridge between central and outer copper sites and bond terminally to outer 
copper centres. 
The survey of high nuclearity copper carboxylate complexes shows that the 
majority (all bar 0 - Q) involve ligands that form 5- or 6-membered chelate rings 
with the metal centre via a nitrogen and oxygen donor set, while the pyridonate rings 
would instead form 4-membered chelate rings. Their ability to bridge metal centres 
in multiligand systems has brought a diversity of structures in cobalt and nickel 
complexes. In the octanuclear copper complexes discussed on page 129 the 
pyridonate groups form a family of cages, possibly a structural diversity will be 
achieved by investigating more diverse synthetic strategies. If the stability of the 
copper carboxylates is a factor then it may be overcome by carrying out reactions 
with a copper pyridonate salt in molten carboxylic acid. 
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4.8 Experimental 
The copper nitrate, Htpa, Hdpa, Hchp, Hmhp and Na(OMe) were obtained 
from Aldrich. The sodium salts of Hdpa and Htpa were prepared essentially 
quantitatively from a 1:1 reaction with Na(OMe) in methanol. The copper 
carboxylates were then formed from the reaction of hydrated copper nitrate and the 
sodium salt of the appropriate carboxylate. 
X-ray diffraction studies were carried out on a Stoë STADI - 4 four-circle 
diffractometer with an Oxford Cryosystems low temperature device"' for 16 and 17 
using Cu-Ku radiation for 16 and Mo-Ku radiation for 17; w-scans for 17 and o-O 
for 16. Data for 18 was collected on an EnrafNonius Kappa CCD area detector using 
a rotating anode operating at 50 KV, 50 mA using Mo-Ku radiation and narrow 
frame rotation scans. Data collection and processing used the programs Collect '27, 
DENZO'28 and maXus'29. Data were corrected for Lorentz and polarisation factors. 
All structures were solved by direct methods using SHELXS-97'3° (18) or SIR-
92120 (16 and 17). Refinement was completed by iterative cycles of AF2-synthescs 
and full-matrix least squares refinement. Throughout all structures hexagonal 
restraints were applied to phenyl rings exhibiting disorder 
In all syntheses any precipitate which formed in the recrystallisation vessel was 
removed by filtration and the filtrate was allowed to stand under the same conditions. 
[Cu8(0)2(tma)4(chp)8]. 1 .25H20 16 
[Cu2(tma)4(H20)2] (0.500 g, 0.882 mmol) was mixed intimately with Hchp 
(0.500 g, 3.861 mmol) and heated to 150 °C under N2 causing the Hchp to melt. 
After 15 minutes unreacted Hchp and trimethyl acetic acid that had formed were 
removed by sublimation, leaving a green residue. This residue was dissolved in 
MeCN (ca 15 ml) and after two weeks green crystals grew in an 18% yield (by 
weight of copper). 
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[Cu2(tpa)4(Et20)2] 17 
As synthesis for 16 but [Cu2(tma)4(H20)2] is substituted by [Cu2(tpa)4(1120)2] 
(0.500 g, 0.381 mrnol). The green residue was dissolved in CH202 (Ca 20 ml) and 
diffusion of Et20 vapour into the solution gave green crystals in three days in a 26% 
yield (by weight of copper). 
[Cu2(dpa)4(Hrnhp)21 .CH3CN.Hmhp 18 
As synthesis for 16 but [Cu2(tma)4(H20)2] is substituted by [Cu2(dpa)4(H20)21 
(0.500 g, 0.497 mmol). The green residue was dissolved in MeCN (ca 15 ml) and 
green crystals were obtained in two days in a 31% yield (by weight of copper). 
Complex C H N 
35,04 2.89 5.58 
[Cu8(0)2(tma)4(chp)8]. 1 .25H20 16 (36.11) (3.16) (5.61) 
74.05 5.99 0 
[Cu2(tpa)4(Et20)2] 17 (74.19) (5.66) (0) 
68.07 5.66 5.27 
[Cu2(dpa)4(Hmhp)2].CH3CN.HmhP 18 (67.68) (5.27) (5.64) 
Table 4. 10 Elemental analysis for 16 - 18. Expected values are in parenthesis 
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Chapter 5: Heterometallic Cobalt 




The majority of the reactions in this thesis involved tpa and pyridonate ligands. 
However other avenues were also investigated. A low nuclearity cobalt polymer with 
tma and chp has been formed. A hexanuclear cobalt complex with N,N-
dimethyiglycine (dmg) suggests that amino acid based ligands may hold potential for 
future cage synthesis. 
153 
5.2 	Synthesis and Structure of [CO3Na2(tma)2(chp)6]fl 19 
The reaction of cobalt chloride with Na(chp) and Na(tma) in methanol for 24 
hours produced a paste which was dried in vacuo for several hours. Recrystallisation 
from acetonitrile produced crystals of [CO3Na2(tma)2(chp)6]fl 19 in a 17% yield by 
weight of cobalt in one month (Figure 5. 1). 
Figure 5. 1 [CO3Na2(tma)2(chp)6b 
Complex 19 crystallises on an inversion centre so only two cobalt and one 
sodium are crystallographically unique. Col and Co2 lie in distorted octahedral and 
tetrahedral environments respectively. Col forms bonds to p2-0(tma) and j.t2-0(chp) 
donor atoms that also bridge to a sodium atom, and to a j.i3-0(chp) atom which also 
bridges a sodium and Co2. Co2 also forms bonds to two nitrogen and one oxygen 
atom derived from chp and tma ligands respectively. The geometry of the six co-
ordinate Nal is typically irregular, it may be described as trigonal bipyramidal with 
an additional donor atom lying between two of the equatorial atoms. 
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The axial donor atoms are p,-O(chp) and .t2-0(tma), the equatorial formed by 
p.2-0(chp), the nitrogen of a chelating chp and a i2-0(tma) of the next asymmetric 
unit. The "extra" bond is to the oxygen of the chelating chp ligand. The cobalt 
trimers are linked by chp ligands, which bridge sodium atoms from different unit 
cells (Figure 5. 2). 
Figure 5. 2 Two monomeric units of 19 
As expected the tetrahedral cobalt centres have shorter bonds than the 
octahedral cobalt atoms (Table 5. 1). 
Col -021 2.068(2) Co2-01 A 1.964(3) 
Col -021#1 2.068(2) Co2-023 1.992(2) 
Col-023 2.081(2) Nal-Ni 3 2.747(3) 
Col-023#1 2.081(2) Nal -021 2.550(3) 
Col-02A 2.135(2) Nal-022 2.316(3) 
Col-02A#1 2.135(2) Nal-022#2 2.357(3) 
Co2-N1 1 2.036(3) Nal-023 2.395(3) 
Co2-N 12 2.008(3) Nal -02A#1 2.447(3) 
Table 5. 1 Full metal bond lengths (A) with e.s.d.s in parenthesis for 19 
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The shortest bonds for Col are those to i2-0(chp) donor atoms, the contacts to 
tma groups are considerably longer. The bond lengths for Co2 show a gradual 
lengthening with the contact to the p,-O(tma) shortest followed by x3-0(chp) and the 
two contacts to N(chp) donor atoms. The bond lengths to the sodium atom show a 
large range of over 0.4 A, the shortest contacts are to bridging chp group oxygen 
atoms. The sodium atoms also display a larger range of bond angles than the cobalt 
sites (Table 5. 2). 
021-Col-021#1 180 01A-Co2-N1 1 97.12(11) 
021-Col-023#1 96.06(9) 023-Co2-N 11 113.22(11) 
021#1-Col-023#1 83.94(9) N12-Co2-N1 1 119.97(12) 
021-Col-023 83.94(9) 023-Nal -Ni 3 51.51(9) 
021#1-Col-023 96.06(9) 02A#1 -Nal -Ni 3 77.76(9) 
023#1 -Col -023 180 021 -Nai -NI 3 117.05(10) 
021-Col-02A 95.90(9) 022-Nal -022#2 85.04(10) 
021#1-Col-02A 84.10(9) 022-Nai -023 78.92(9) 
023#1-Col-02A 86.30(9) 022#2-Nal -023 156.93(10) 
023-Col-02A 93.70(9) 022-Nal -02A#1 151.40(10) 
021 -Col -02A#1 84.10(9) 022#2-Nai -02A#1 119.67(10) 
021#1 -Coi -02A#1 95.90(9) 023-Nal -02A#1 73.08(9) 
023#1 -Coi -02A#1 93.70(9) 022-Nal -021 95.84(9) 
023-Col -02A#I 86.30(9) 022#2-Nai -021 97.41(10) 
02A-Col -02A#i 180 023-Nai -021 68.18(8) 
01 A-Co2-023 100.34(10) 02A#i -Nal -021 68.55(8) 
01A-Co2-Ni2 118.82(12) 022-Nal-NI 3 89.47(10) 
023-Co2-N12 105.89(11) 022#2-Nai-N13 145.49(11) 
Table 5. 2 Full metal bond angles (0) with e.s.d.s in parenthesis for 19 
The cobalt centres deviate from octahedral and tetrahedral geometry by less 
than 7 and 130 respectively. The sodium centres show more distortion; axial - axial, 
equatorial - equatorial and equatorial - axial values are 151.40(10), 97.41(10) - 
145.49(11) and 68.55(8) - 95.84(9) respectively. 
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5.3 	Synthesis and Structure of [C06Na3(chp)6(dm9)6C13] 
WO 
Reaction of cobalt chloride with Na(chp) and Na(dmg) in methanol for 24 
hours produced a paste which was dried in vacuo for several hours. Recrystallisation 
from acetonitrile produced crystals of [Co6Na3(chp)6(dmg)6C13] 20 in a 36% yield by 
weight of cobalt in 72 hours. The cobalt atoms form a trigonal prism with a linear 
sodium trimer lying on a non-crystallographic threefold axis (Figure 5. 3). 
Figure 5. 3 [Co6Na3(chp)6(dm9)6C131 20 
All cobalt atoms lie in equivalent octahedral environments, chelated by chp and 
dmg ligands with a chloride anion and another dmg ligand providing the remaining 
bonds. Each chp group chelates one cobalt atom and bridges to an end sodium atom. 
157 
The dmg ligands chelate one cobalt centre and the oxygen atom present in the 
chelate ring bridges end and central sodium atoms. The other dmg oxygen bonds to a 




Figure 5. 4 Binding mode of dmg molecules in 20 
Chloride atoms bridge two cobalt centres along the prism edge connecting two 
triangular faces. The sodium atoms lie in two distorted octahedral environments, the 
central sodium is entirely co-ordinated by p.3-0(dmg) donors that also provide three 
bonds to the end sodium centres. The remaining contacts are to .t2-0(chp) atoms. 
The bond length variation is similar to what is observed in previous cages (Table 5. 
3) 
Co - N(chp) 2.084(4) —2.150(4) Co - N(dmg) 2.23 1(4) - 2.256(4) 
Co - .t1O(dmg) 2.096(3) - 2.146(3) CO -Cl 2.3890(15) —2.4151(14) 
Co - O(chp) 2.184(3) - 2.285(3) Co - 1i30(dmg) 2.053(3) - 2.063(3) 
Central Na - 2.347(3) - 2.375(3) End Na - O(dmg) 2.414(3) - 2.499(3) 
End Na — O(chp) 2.251(4)-2.305(4) 
Table 5. 3 Metal bond ranges (A) with e.s.d.s in parenthesis for 20 
The shortest cobalt contacts are to dmg oxygen atoms that complete a chelate 
ring, those that bridge a cobalt site and nitrogen atoms from chp groups lie next 
closest. The dmg nitrogen and clip oxygen donors provide the next longest bonds, 
with contacts to chloride atoms at significantly greater distance. The central sodium 
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has shorter bonds to dmg group oxygen atoms than the end sodium atoms, with the 
end sodium contacts to chp group oxygen atoms closest overall. 
108.70(11) - N(chp) - Co - 90.17(15)- 
N(chp) - Co - 111.78(11) 
(15)-
N(dmg) 92.15(14) 
89.08(11) - i1O(dmg) - Co - 90.24(14) - 
N(dmg) - Co - Cl 91.94(11) N(chp) 93.56(13) 
t10(dmg) - Co - 174.46(14) - 1.t10(dmg) - Co - Cl 90.37(10) - 92.83(9) 
N(dmg) 176.93(13)  
O(chp) - Co - 60.93(13) - O(chp) - Co - 92.99(13) - 
N(chp) 
)-
61.91(14) N(dmg) 99.62(13) 
O(chp) - Co - 80.95(12) - O(chp) - Co - Cl 168.42(10) - 170.92(9) 1. 1O(dmg) 83.29(12) 
930(dmg) - Co - 144.15(14) - 7.88(12)-
N(chp) 
1130(dmg) - Co - 9 )  
146.80(13) .t1O(dmg) 100.37(12) 
[130(dmg) - Co - 76.69(13) - 1i30(dmg) - Co - Cl 100.62(9) - 103.10(9) N(dmg) 77.54(13) _ 
i3O(dmg) - Co - 86.26(12) - 1.i30(dmg) - central 77.24(11) - 
O(chp) 87.91(11) Na - 1.130(dmg) cis 105.61(12) 
O(dmg) - central 173.91(13) - 930(dmg) - end Na 74.00(11) - 
Na-u30(dmg)trans 174.84(13) -1.3O(dmg) 75.20(11) 
j.t30(dmg) - End Na 75.80(12) - 930(dmg) - End Na 146.33(13) - - O(chp) cis 85.30(12) - O(chp) trans 150(1 3) 
O(chp) - End Na- 113.45(13)- 
O(chp)  115.29(14) 
Table 5. 4 Bond angle ranges (°) with e.s.d.s in parenthesis for 20 
The cobalt centres display a deviation from octahedral geometry at the angles 
between the oxygen and nitrogen atoms of a chelating chp, at 60.93(13) - 61.91(14)0 
they are over 140 more acute than that of the chelate angle for the dmg donors. The 
only other angles which display a deviation greater than 140  also involve the chp 
group nitrogen atoms, with .t30(dmg) and chloride atoms the deviation is over 33° 
and 18° respectively. The central sodium lies in a more regular environment than the 
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5.4 	Magnetic Properties of 20 
The magnetic behaviour of 20 was studied in a field of 100 G and temperature 
range of 290 - 1.8 K. The variation of product X1j with temperature of 17 shows a 
decline with temperature (Figure 5. 5). 
Figure 5. 5 Variation of X  against I for 20 
The room temperature value of 17.8 ± 0.2 emu K mot-' is greater than 
predicted for six non-interacting S = 3/2 cobalt centres with a g factor of 2.4 which 
leads to a value of 16.2 emu K mot-'. The value of the product 1T declines with 
temperature consistent with antiferromagnetic exchange between the metal centres, 
reaching a value of 4.44 ± 0.03 emu K mot-] at 1.77 K. 
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5.5 Discussion 
Complex 19 is one of the relatively few pyridonate and carboxylate polymers 
synthesised. 14 ' The ligand combination appears excellent at promoting the formation 
of high nuclearity complexes, which has been the general thrust of the research 
completed by this group using the ligands. It would be of interest to carry out the 
reaction for the formation of 19 in the absence of sodium atoms. Since it is through 
the sodium sites the cobalt trimers are linked a different topology may form in their 
absence. 
Dimethyl glycine was selected for a series of reactions because it has many 
features observed in ligands present in cages. It can form a five membered chelate 
ring with a metal centre and bridge to other sites. In 20 it chelates cobalt atoms 
introducing less angle strain at the metal atom than the pyridonate groups, as might 
be expected. While a trigonal prism is the basis for many complexes discussed in 
chapter four, a central sodium linear trimer is novel. Without the sodium atoms the 
only linkage of the two planar triangles are the chloride anions, as with 19 it would 
be of interest to carry out the reactions in the absence of sodium or with the presence 
of a different alkali metal. 
If the reaction which led to the formation of 20 is carried out with nickel 
chloride substituting cobalt chloride a green crystalline growth is obtained. This 
growth produces an elemental analysis similar to that of 20 (33.8%, 3.8% and 9.0% 
for carbon, hydrogen and nitrogen respectively). Single crystals of suitable quality 
were not obtained. 
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5.6 Experimental 
The metal chlorides, Hdmg, Htma, Hchp and Na(OMe) were obtained from 
Aldrich. The sodium salts of Htma, Hdmg and Hchp were prepared essentially 
quantitatively from a 1:1 reaction with Na(OMe) in methanol. 
X-ray diffraction studies were carried out on a Sto6 STADI - 4 four-circle 
diffractometer with an Oxford Cryosystems low temperature device' 
15  using Cu-Ka 
radiation for 19 using o-scans. Data for 20 was collected on an Enraf Nonius Kappa 
CCD area detector using a rotating anode operating at 50 Ky, so mA using Mo-Ka 
radiation. Data collection and processing for 20 used the programs Collect127, 
DENZO'28 and maXus'29. Data for 19 and 20 were corrected for Lorentz and 
polarisation factors and semi-empirical absorption corrections based on azimuthal 
measurements were applied.' 17 
Both structures were solved by direct methods using SIR-92.'2° Complex 20 
was twinned along the (0 —1 1) 2-fold axis, overlapping data were omitted (8390 
reflections). 142  Refinement was completed by iterative cycles of AF2-syntheses and 
full-matrix least squares refinement. 
[CO3Na2(tma)2(chp)61fl 19 
CoC12.6H20 (0.500 g, 2.10 mmol) was mixed with Na(chp) (0.552 g, 4.20 
mmol) and Na(tma) (0.260 g, 2.10 mmol) in MeOH (175 ml) for 24 hours. The 
solution was evaporated to dryness under reduced pressure and the resultant paste 
was dried for 3 - 4 hours in vacuo. The purple powder was then redissolved in MeCN 
(ca. 20 ml), forming a purple solution. Purple crystals grew after one month in a 17% 
yield (by weight of cobalt). 
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[C06Na3(chp)6(dmg)6C13] 20 
As synthesis for 19 but the Na(trna) is substituted by Na(dmg) (0.263 g, 2.100 
mmol) and 2.100 mmol of Na(chp) was used. Pink crystals grew after 48 hours in a 
36% yield (by weight of cobalt). 
Complex C H N 
39.8 2.6 6.9 
CO3Na2(tma)2(chp)6]n 19 (40.1) (3.0) (7.0) 
34.3 3.4 8.9 
[C06Na3(chp)6(Me2NCH2CO2)6(Cl)3].2MeCN 20* (3.5) 1 	(8.8) 
Table 5. 5 Elemental analysis for 19 and 20. Expected values are given in parenthesis. 
* Denotes calculation of expected C, H and N percentages based on desolvated 
lattice. Crystals of 20 turn to a purple powder in the air after 15 minutes. 
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Chapter 6: Discussion 
SOM 
The goal of the experiments carried out was to synthesise high nuclearity 
complexes, primarily with nickel and cobalt, using triphenylacetate. The magnetic 
characterisation of any high nuclearity complexes synthesised was the secondary 
goal. These goals should be the frame in which the research presented in this thesis is 
discussed. 
However the complexes presented in chapter two are an interesting side 
direction explored. And while the species formed are not the high nuclearity 
complexes targeted, tpa does produce cubanes displaying unusual properties 
compared to the majority created. Prior to the synthesis of 1 - 4, only two cubanes 
with 4-membered chelate rings had been synthesised. The zinc cubane is the first 
synthesised with octahedrally co-ordinated zinc atoms and the first formed with an 
all oxygen donor sets. Previous reactions of cobalt and nickel with carboxylates and 
pyridonates had produced trinuclear species from methanol. The steric bulk of tpa, 
compared with the other carboxylates typically used, may be altering the complex 
formed. The molecular modelling studies made on a theoretical nickel trinuclear tpa 
complex are consistent with this hypothesis. Close contacts are identified between 
atoms that, while not repulsive, are shorter than those observed in existing trinuclear 
complexes or the tpa cubanes synthesised. While these reactions produced complexes 
displaying interesting alterations from reactions completed previously, they were not 
achieving the primary objective of this research. 
This objective was achieved when the complexes presented in chapter three 
were formed. One of the main points of interest was to what extent any cage formed 
with tpa would fit into the family of cup-based complexes of the formula 
[M10(OH)6(xhp)6(02CR)6]2t When 12 was synthesised the inference drawn was that 
while cup-based cages could be formed with tpa, the cages would undergo a 
fundamental change. The trigonal axis must lengthen and the caps must rotate to cap 
the edges instead of the faces. And a sterically undemanding ligand, bicarbonate, 
must be incorporated in the structure. While these inferences were proven to be 
incorrect with the synthesis of 15, the use of nitrate salts in an attempt to improve the 
synthesis did yield unexpected effects (Table 3. 12, reprinted on the next page). 
165 




 number Solvent Time 
[C06(OH)2(chp)4(tpa)6(Me2CO)2] Cobalt Nitrate chp Acetone 48 hours 73% 8 
{Ni7(OH)2(Hmhp)6(tpa)8(HCO2)2Cl2] Nickel Chloride mhp MeCN/hexane 15 months 7% 9 
[Ni8Na2(OH)2(chp)2(Hchp)2(tpa)8(HCO2)6(EtOAc)2] Nickel 
route A  
Chloride chp Ethyl acetate 13 months 6% 10 
[Ni3Na2(OH)2(chp)2(Hchp)2(tpa)5(HCO2)5(EtOAc)2} Nickel 
route B  
Nitrate chp Ethyl acetate 72 hours 53% 10 
[Co8Na2(OH)2(mhp)2(Hmhp)2(tpa)8(HCO2)6(EtOAc)2] Cobalt Nitrate mhp Ethyl acetate 48 hours 67% 11 
[Co10(OH)6(mhp)6(tpa)6(Hmhp)3(HCO3)31 Cobalt Chloride mhp Ethyl acetate 8 months Low 12 
[Ni10(OH)6(tpa)6(mhp)8(H20)2(MeOH)2] Nickel Chloride mhp Ethyl acetate 11 months 4% 13 
{Ni10(OH)6(chpH)(chp)6(02CCPh3)6(NO3)2(MeCN)3] Nickel Nitrate chp Acetonitrile 48 hours 34% 14 
[Co10(OH)6(tpa)6(chp)6(NO3)2(MeCN)4] Cobalt Nitrate chp Acetonitrile 48 hours 53% 15 
Table 3. 12 Summary of high nuclearity complexes synthesised with tpa 
For complex 10, that can be created from chloride or nitrate salts, the nitrate 
reaction is substantially quicker and produces a greater yield. While there are no 
other reactions that allow a direct comparison between chloride and nitrate starting 
salts that produce the equivalent product, the syntheses with nitrate salts are on the 
whole substantially faster and in better yields. The use of nitrate starting salts also 
alters the product formed, 11 and 12 differ only in the starting salt. Despite the 
changes observed when nitrate salts are used, they only formed one new polyhedron, 
8. Prior to the use of nitrate starting salts the factors known to be important in 






And now a further factor must be added: 
Initial anion 
There may of course be underlying factors of importance that have not yet been 
observed e.g. wetness of reaction mixture, alkali metals present, reaction time. The 
discovery of all the variables and their effects present in these complex systems may 
prove difficult and time consuming, but then a structural control currently lacking 
will be achieved. 
The magnetic characterisation was completed for the majority of high 
nuclearity complexes. The main behaviour displayed was consistent with 
antifenomagnetic exchange, only 11 showed a local maxima that may be worthy of 
greater study. While these results are largely disappointing, it is worth noting that 
cobalt and nickel cages that display exceptional magnetic properties 36,39  were made 
in similar reaction schemes. 
Fewer conclusions can be drawn from the complexes presented in chapter four. 
Unlike chapter three, no new polyhedra were formed. Dinuclear copper complexes 
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with dpa and tpa may be too stable to use as reagents, or are simply the most stable 
structures that form. However more varied synthetic strategies could be explored to 
properly evaluate the potential present in copper with bulkier ligands such as tpa or 
dpa. 
In contrast, while the reactions with ding produced only one hexanuclear 
complex, they show more promise for further research. The ability of the ding groups 
to form a 5-membered chelate ring with one metal site and bridge to other metal 
atoms is highly useful in building high nuclearity metal complexes. The experiments 
carried out only varied factors 1, 3 and 4. Future experimentation could involve using 
ding in conjunction with carboxylate ligands or different initial anions. 
In summary, as slated previously, the reason tpa was chosen was in the hope 
that, due to a combination of its steric and electronic properties, it would form new 
polyhedra. In particular it was of interest to investigate whether it would extend the 
family of cup-based complexes created. It did form the new polyhedra, 8 - 11. The 
family of cup-based complexes was extended by 12 - 15, with 12 marking an 
interesting change to the cup normally observed. Future research can focus on a 
more detailed evaluation of the effect of the initial anion, and the use of untested 
carboxylates to evaluate whether they are introduced in the established families. 
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Chapter 7: Appendices 
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7.1 Van der WaaI's Radii 
During the molecular modelling studies made in chapters 2 and 4, the 
following van der Waal' s radii were used when investigating non-bonding contacts: 
Carbon 1.70o A 
Chlorine 1.750 A 
Copper 1.400 A 
Hydrogen 1.200 
Nickel 1.630 A 
Nitrogen 1.550 A 
Oxygen 1.520A 
170 
7.2 Crystal Data, Bond Lengths and Angles for I - 3 
Crystal data and structure refinement for coag25. {C04(OMe)4(tpa)4(MeOH)4]3.75MeOH I 
Empirical formula C91.75 H103 Co4 019.75 
Formula weight 1757.46 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Monoclinic 
Space group P21 /c 
Unit cell dimensions a = 14.24 16(16) A 	a = 90 deg. 
b = 25.379(4) A 	13 = 94.880(13) deg. 
c = 24.290(3) A 	y = 90 deg. 
Volume 8747.5(19) A3 














Data / restraints / parameters 
Goodness-of-fit on F2 
Conventional R [F>4o(F)] 
R indices (all data) 
Final maximum AI 
Weighting scheme 
Largest diff peak and hole 
4 
1.334 Mg/m' 
0.814 mm-1  
3678 
Red block 
0.51 xO.31 xO.l9min 
2.55 to 22.52 deg. 
-15<=h<=15, 0<=k<=27, 0<=k=26 
16045 
11443 [R(int) = 0.0440] 
Omega 
Psi (Tmin= 0.418, Tmax=0.459) 
Full-matrix least-squares on F2 
11443/1548/1023 
1.025 
RI = 0.0753[6820 data] 
RI = 0. 1364, wR2 = 0.2060 
0.025 
calc W=,/[\a2  (Fo2)+(0.0768p)2+33.I 803P] where P=(F02+2Fc2)/3 
0.949 and -0.803 e.A 3 
Crystal data and structure refinement for niag23. [Ni4(tpa)4(MeO)4(MeOH)4].4MeOH 2 
Empirical formula C92 H 104 Ni4 020 
Formula weight 1764.59 
Wavelength 1.54178 A 
Temperature 220(2) K 
Crystal system Monoclinic 
Space group P21 /c 
Unit cell dimensions a = 14.205(3) A 	a = 90 deg. 
b = 25.240(5) A 	P = 95.12(2) deg. 
c=24.321(5)A 	y=90deg. 
Volume 8685(3) A3 
Number of reflections for cell 56 (20<9 < 22 deg.) 
Z 4 
Density (calculated) 1.350 Mg/m' 
Absorption coefficient 1.541 mm-1  
F(000) 3712 
Crystal description Green block 
Crystal size 0.54 x 0.43 x 0.39 mm 
9 range for data collection 2.53 to 70.13 deg. 
Index ranges -17<h<17, -12<k<30, -29<1<29 
Reflections collected 16826 
Independent reflections 16006 [R(int) = 0.01291 
Scan type Omega-theta 
Absorption correction Psi-scans (Tmin= 0.346, Tmax=0.437) 
Refinement type Full-matrix least-squares on F2 
Data / restraints / parameters 15993/115/1118 
Goodness-of-fit on F2 1.098 
Conventional R [F>4(F)] RI = 0.0441[1 1107 data] 
R indices (all data) RI = 0.0734, wR2 = 0.1127 
Extinction coefficient 0.000132(10) 
Final maximum A/a -0.027 
Weighting scheme calc w=1/[\a2(Fo2)+(0.0469P)2+3.9345P] where P=(F02+2Fc2)/3 
Largest diff. peak and hole 0.372 and -0.388 e.A 3 
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Crystal data and structure refinement for znag41. [Zn4(MeO)4(tpa)4(MeOH)4].3.75MeOH 3 
Empirical formula C91.75 H103 019.75 Zn4 
Formula weight 1783.22 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Monoclinic 
Space group P21 /c 
Unit cell dimensions a = 14.207(3) A 	(x = 90 deg. 
b = 25.423(4) A 	3 = 95.109(8) deg. 
c = 24.309(3) A 	7 = 90 deg. 
Volume 8745(3) A3 
Number of reflections for cell 43 (10<0 < 15 deg.) 
Z 4 
Density (calculated) 1.354 Mg/m' 
Absorption coefficient 1.153 mm 
F(000) 3726 
Crystal description Colourless block 
Crystal size 0.37 x 0.23 x 0.19mm 
0 range for data collection 2.55 to 20.03 deg. 
Index ranges -13<=h<=13, 0<=k<=24, 0<=l<=23 
Reflections collected 9421 
Independent reflections 8146 [R(int) = 0.0999] 
Scan type Omega 
Refinement type Full-matrix least-squares on F2 
Hydrogen atom placement geometric 
Hydrogen atom treatment Riding 
Data / restraints / parameters 8146/343/529 
Goodness-of-fit on F2 0.990 
Conventional R [F>4a(F)] RI = 0.0964[3242 data] 
R indices (all data) RI = 0.2362, wR2 = 0.2825 
Extinction coefficient 0.00047(18) 
Final maximum A/cy 0.001 
Weighting scheme calc w=1/[\o(Fo2)+(0.1237P)2+0.0000P] where P==(Fo2+2Fc2)/3 
Largest diff. peak and hole 	0.640 and -0.749 e.A 3 
173 
Bond I Complex 1 2 3 
Ml -0123 2.052(5) 2.044(2) 2.048(11) 
Ml -0124 2.095(5) 2.033(2) 2.094(11) 
MI -0134 2.092(5) 2.040(2) 2.112(11) 
Ml -01A 2.219(5) 2.158(2) 2.314(11) 
Mi - 02A 2.128(6) 2.097(2) 2.105(11) 
Ml - 02B 2.044(5) 2.050(2) 2.055(13) 
M2-0123 2.113(5) 2.058(2) 2.130(11) 
M2-0124 2.073(5) 2.046(2) 2.092(11) 
M2-01C 2.077(5) 2.044(2) 2.059(11) 
M2 - 021M 2.102(6) 2.090(2) 2.122(12) 
M2 - 022M 2.099(6) 2.084(2) 2.116(12) 
M2 -0234 2.096(5) 2.061(2) 2.084(11) 
M3 -0123 2.090(5) 2.055(2) 2.085(11) 
M3 - 0134 2.087(5) 2.053(2) 2.095(10) 
M3 - 0234 2.089(5) 2.043(2) 2.089(11) 
M3 - 02C 2.074(5) 2.029(2) 2.099(11) 
M3-031M 2.118(6) 2.097(2) 2.148(12) 
M3 - 032M 2.112(6) 2.087(2) 2.129(13) 
M4- 0124 2.069(5) 2.052(2) 2.050(11) 
M4-0134 2.061(5) 2.054(2) 2.051(10) 
M4 - 01B 2.088(6) 2.016(2) 2.077(12) 
M4 - OlD 2.125(6) 2.099(2) 2.116(13) 
M4 - 0234 2.080(5) 2.037(2) 2.086(11) 
M4-02D 2.206(6) 2.179(2) 2.271(13) 
Table 7. 1 Full metal bond lengths (A) with e.s.d.s in parenthesis for II - 3 
Angle I Complex 1 2 3 
0123-M1 -0124 80.31(19) 80.46(7) 81.8(4) 
0123 - Mi - 0134 80.5(2) 79.94(7) 80.9(4) 
0123-M1 -01A 97.0(2) 101.28(8) 96.7(4) 
0123- Ml - 02A 100.0(2) 99.52(8) 100.8(4) 
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0123-M1-02B 171.2(2) 171.15(8) 171.0(5) 
0124- Ml - 0134 88.78(19) 89.92(7) 89.0(4) 
0124- Ml - 01A 162.7(2) 165.45(7) 164.1(4) 
0124- Ml - 02A 103.7(2) 104.24(8) 106.1(5) 
0124 - Ml - 02B 95.5(2) 92.32(8) 94.7(5) 
0134 - Ml - 01A 107.7(2) 104.62(8) 106.4(4) 
0134- Ml - 02A 167.5(2) 165.58(8) 164.9(5) 
0134 - Ml - 02B 91.8(2) 95.03(8) 90.8(4) 
01A- Ml -02A 59.7(2) 61.21(8) 58.5(4) 
OIA- Ml - 02B 89.2(2) 87.01(8) 88.9(5) 
02A- Ml - 02B 88.4(2) 87.17(8) 88.2(5) 
0123 - M2 - 0124 79.42(19) 79.84(7) 79.9(4) 
0123-M2-01C 93.1(2) 93.12(7) 92.1(4) 
0123- M2 - 021M 175.9(2) 174.12(8) 175.2(5) 
0123- M2 - 022M 93.6(2) 93.92(8) 93.6(4) 
0123- M2 - 0234 86.10(19) 85.90(7) 85.2(4) 
0124 - M2 - O1C 170.00(19) 170.22(7) 169.5(4) 
0124- M2 - 021M 96.6(2) 94.36(8) 95.3(4) 
0124- M2 - 022M 95.1(2) 95.98(8) 93.3(5) 
0124 - M2 - 0234 79.63(19) 79.78(7) 80.3(4) 
01C - M2 - 021M 91.0(2) 92.75(8) 92.7(5) 
OIC - M2 - 022M 91.9(2) 91 .24(8) 94.0(5) 
010 - M2 - 0234 93.3(2) 93.03(7) 92.4(4) 
021M - M2 - 022M 85.7(2) 85.68(9) 86.4(5) 
021 M - M2 - 0234 94.2(2) 94.06(8) 94.3(4) 
022M - M2 - 0234 174.7(2) 175.73(8) 173.6(5) 
0123 - M3 - 0134 79.7(2) 79.37(7) 80.5(4) 
0123 - M3 - 0234 86.86(19) 86.47(7) 86.2(4) 
0123 - M3 - 02C 92.2(2) 93.00(7) 90.8(4) 
0123- M3 - 031M 179.3(2) 172.83(8) 179.9(6) 
0123 - M3 - 032M 92.8(2) 93.10(8) 92.7(5) 
0134 - M3 - 0234 79.11(19) 80.25(7) 79.5(4) 
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0134 - M3 - 02C 168.83(19) 169.51(7) 168.2(4) 
0134- M3 - 031M 99.6(2) 93.48(8) 99.5(4) 
0134- M3 - 032M 93.2(2) 98.25(8) 93.4(5) 
0234- M3 - 02C 92.9(2) 92.19(8) 92.1(4) 
0234- M3 - 031M 93.2(2) 92.80(9) 93.8(4) 
0234 - M3 - 032M 172.2(2) 178.49(8) 173.0(5) 
02C - M3 - 031M 88.5(2) 94.16(8) 89.3(5) 
02C - M3 - 032M 95.0(2) 89.28(8) 94.9(5) 
031M - M3 - 032M 87.0(2) 87.45(9) 87.3(4) 
0124- M4 - 0134 90.3(2) 89.01(7) 91.9(4) 
0124- M4 - 01 B 92.2(2) 95.25(7) 91.1(4) 
0124- M4 -01 D 105.4(2) 102.88(7) 107.5(5) 
0124- M4 - 0234 80.07(19) 80.22(7) 81.2(4) 
0124- M4 - 02D 165.3(2) 163.37(7) 166.2(5) 
0134-M4-01B 95.3(2) 92.15(8) 94.2(4) 
0134- M4 - 01 D 163.8(2) 168.02(7) 160.3(5) 
0134 - M4 - 0234 79.91(19) 80.36(7) 80.6(4) 
0134- M4 - 02D 104.4(2) 106.96(7) 101 .9(5) 
01 B - M4 - 01D 88.2(2) 88.29(8) 88.6(5) 
01 B - M4 - 0234 170.8(2) 171.26(8) 170.5(4) 
01B - M4 - 02D 87.8(2) 88.88(8) 87.3(5) 
01D - M4 - 0234 98.6(2) 99.97(8) 99.0(5) 
01D - M4 - 02D 59.9(2) 61.07(7) 58.7(5) 
0234- M4 - 02D 101 .0(2) 97.58(7) 101 .5(4) 
Table 7. 2 Full metal bond angles (°) with e.s.ds in parenthesis for I - 3 
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7.3 Crystal Data, Bond Lengths and Angles for 4 
Crystal data and structure refinement for col0tp 
[C04(tpa)4(MeO)4(MeCN)2(MeOH)2] .MeCN.2MeOH 4 
Empirical formula C94 H97 Co4 N3 016 
Formula weight 1760.47 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Space group P21/n 
Unit cell dimensions a = 10.8586(15) A 	a = 90 deg. 
b30.014(3)A 	J3=95.015(l0)deg. 
c = 27.025(3) A 	y = 90 deg. 
Volume 8774.0(18) A3 
Number of reflections for cell 60 (12.5 <0 < 13 deg.) 
Z 4 
Density (calculated) 1.333 Mg/m3 
Absorption coefficient 0.810 mm' 
F(000) 3672 
Crystal description Pink lath enveloped in (0 2 -1) 
Crystal size 0.58 x 0.27 x 0.08 mm 
B range for data collection 2.54 to 22.50 deg. 
Index ranges -11<=h<=1l, 0<=k<=32, 0<=l<=29 
Reflections collected 12152 
Independent reflections 11401 [R(int) = 0.06601 
Scan type omega-theta with learnt profile 
Absorption correction Psi-scans (Tmin= 0.508, Tmax=1.000) 
Refinement type Full-matrix least-squares on F2 
Data! restraints! parameters 11271/1034/1048 (Full-matrix least-squares on F2) 
Goodness-of-fit on F2 1.051 
Conventional R [F>4G(F)] RI = 0.0630 [7367 data] 
R indices (all data) RI = 0. 1164, wR2 = 0.1408 
Final maximum A/cy 0.002 
Weighting scheme calc 
W=I/[\U2  (Fo  2)+(0.0000p)2  +38.I306P] where P=(F02+2Fc2)!3 
Largest diff. peak and hole 0.422 and -0.357 e.A 3 
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Col-01232.107(4) 002- N1S 2.151(6) Co3 - NIT 2.141(6) Co4 -0124 2.079(4) 
Cal - 0124 2.060(4) Co2 - 0123 2.068(4) Co3 - 0123 2.094(4) Co4 - 0134 2.064(4) 
Col -0134 2.103(4) Co2-0124 2.105(4) Co3-0134 2.087(4) Co4 -01B 	2.083(5) 
Cal -01A 	2.197(4) Co2 -O2lM 2.103(4) Co3-0234 2.089(4) Co4 -01D 	2.177(4) 
Cal - 01C 	2.045(4) Co2 - 0234 2.094(4) Co3 - 020 2.080(5) Co4 - 0234 2.088(4) 
Col -02A 	2.145(4) Co2-02B 2.050(5) Co3 -O3lM 2.089(5) Co4-02D 	2.167(4) 
Table 7. 3 Full metal bond lengths (A) with e.s.ds in parenthesis for 4 
0123- Cal - 0124 80.60(16) NIT- 003- 0123 88.20(19) 
0123- Cal - 0134 87.99(16) NiT- Co3- 0134 176.7(2) 
0123-  Col - 01A 160.98(16) NIT - Co3 - 0234 97.9(2) 
0123- Cal - 010 92.90(17) NIT- Co3- 020 91.4(2) 
0123- Cal - 02A 100.35(16) NIT- Ca3- 031  87.3(2) 
0124- Cal - 0134 80.18(16) 0123- Ca3- 0134 88.76(16) 
0124- Cal - 01A 98.22(17) 0123-  Co3 - 0234 80.08(16) 
0124- Cal - 010 170.97(18) 0123-  Co3 - 020 93.73(17) 
0124- Cal - 02A 97.56(17) 0123- Ca3- 031M 172.18(19) 
0134- Cal - OIA 110.62(16) 0134- Ca3- 0234 80.27(16) 
0134- Cal- 010 93.41(17) 0134- Ca3- 020 90.11(17) 
0134- Cal - 02A 170.94(17) 0134- 003- 031M 95.52(18) 
01A- Cal - 010 89.97(18) 0234- Ca3- 020 168.62(17) 
OlA- Cal - 02A 60.84(16) 0234- Ca3- 031  94.17(17) 
OIC- Cal - 02A 89.73(18) 020- Ca3- 031  92.80(18) 
NIS- Co2- 0123 100.0(2) 0124- Co4- 0134 80.67(16) 
NIS- Ca2- 0124 176.4(2) 0124- Ca4- OIB 93.26(17) 
NIS- Ca2- 021M 86.7(2) 0124- Ca4- OlD 109.40(16) 
N1S- 002- 0234 89.3(2) 0124- 004- 0234 88.06(16) 
N1S - Co2 - 02B 90.5(2) 0124- Co4 - 02D 169.62(17) 
0123- Ca2- 0124 80.48(16) 0134- Ca4- 01B 171.09(17) 
0123- Co2- 021  96.16(17) 0134- Ca4- OlD 99.80(17) 
0123- Ca2- 0234 80.56(16) 0134- Co4- 0234 80.84(16) 
0123- Co2 - 02B 168.20(17) 0134- Co4 - 02D 96.55(17) 
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0124- Co2- 021M 96.86(17) OIB- Co4- OlD 88.33(17) 
0124- Co2- 0234 87.21(16) 01B- Co4- 0234 92.52(17) 
0124- Co2- 02B 88.71(17) 01B- 004- 02D 90.55(17) 
021M- Co2- 0234 174.32(18) 01D- Co4- 0234 162.45(16) 
021M- Co2- 02B 89.78(18) OlD- Co4- 02D 61.04(16) 
0234- Co2- 02B 94.28(18) 0234- Co4- 02D 101.41(16) 
Table 7. 4 Full bond angles (°) with e.s.ds in parenthesis for 4 
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7.4 Crystal Data, Bond Lengths and Angles for 5 
Crystal data and structure refinement for znag36. [Zn(Ph3CCO2)2(MeOH)2]2 5 
Empirical formula C84 H76 012 Zn2 
Formula weight 1408.19 
Wavelength 1.54178 A 
Temperature 220(2) K 
Crystal system Monoclinic 
Space group P21 /c 
Unit cell dimensions a = 24.558(5) A 	c = 90 deg. 
b = 10.978(3) A 	P = 110.713(15) deg. 
c = 28.338(7) A 	y = 90 deg. 
Volume 7146(3) A3 
Number of reflections for cell 40 (20 < 0 < 22 deg.) 
Z 4 
Density (calculated) 1.309 Mg/M3 
Absorption coefficient 1.334 mm-1  
F(000) 2944 
Crystal description Colourless Lath 
Crystal size 0.58 x 0.19 x 0.06 mm 
0 range for data collection 3.21 to 49.98 deg. 
Index ranges -24<=h<=22, 0<=k<=10, 0<=k=28 
Reflections collected 8800 
Independent reflections 7318 {R(int) = 0.2651] 
Scan type Omega 
Absorption correction Psi-scans (Tmin= 0.458, Tmax=0.690) 
Refinement type Full-matrix least-squares on F2 
Data / restraints / parameters 7318/1548/412 
Goodness-of-fit on F2 1.002 
Conventional R [F>4o(F)] RI = 0.1288[2737 data] 
R indices (all data) RI = 0.2608, wR2 = 0.3921 
Final maximum A/cy 0.003 
Weighting scheme caic w1/[\o(Fo2)+(0.2000P)2+0.0000P] where P=(F02+2Fc2)/3 
Largest diff. peak and hole 	1.640 and -1.074 e.A 3 
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Znl - OIC 1.931(12) Zn2 - OIA 1.925(13) 
Znl -02D 1.944(12) Zn2-02B 1.929(12) 
Znl - 01T 2.003(12) Zn2 - O1U 2.017(12) 
Znl - 01V 2.013(11) Zn2 - 01S 2.033(12) 
Table 7. 5 Full metal bond lengths (A) with e.s.ds in parenthesis for 5 
01C-Zn1 -02D 130.9(5) O1A- Zn2 -02B 131.5(5) 
01C-Znl -01T 109.1(5) O1A- Zn2 -01U 111.0(5) 
02D-Zn1 -01T 102.7(5) 02B- Zn2 -01U 104.0(5) 
01C-Zn1 -01V 103.9(5) O1A- Zn2 -01S 101.0(6) 
02D-Zn1 -OIV 110.9(5) 02B- Zn2 -01S 109.9(5) 
01T-Zn1 -01V 92.9(5) O1U- Zn2 -01S 92.8(5) 
Table 7. 6 Full metal bond angles (°) with e.s.ds in parenthesis for 5 
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7.5 Crystal Data, Bond Lengths and Angles for 6 and 7 
Crystal data and structure refinement for youcad [CdNa2((Ph)3CCO2)4(MeOH)7]MeOH 6 
Empirical formula C88 H92 CdNa2 016 
Formula weight 1564.00 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Monoclinic 
Space group P21 /n 
Unit cell dimensions a = 14.996(2) A 	a = 90 deg. 
b= 25.220(4) A 	P = 95.556(12) deg. 
c=21.088(4)A 	y=90deg. 
Volume 7938(2) A3 
Number of reflections for cell 64 (15 <0 < 16 deg.) 
Z 4 
Density (calculated) 1.309 Mg/m3 
Absorption coefficient 0.353 nim' 
F(000) 3272 
Crystal description colourless block 
Crystal size 0.51 x 0.39 x 0.31 mm 
0 range for data collection 2.52 to 25.02 deg. 
Index ranges -17<=h<17, 0<=k<=30, 0<=k=25 
Reflections collected 15075 
Independent reflections 13967 [R(int) = 0.0324] 
Scan type Omega 
Solution Patterson (DIRDIF) 
Refinement type Full-matrix least-squares on F2 
Data! restraints! parameters 13967/1/977 
Goodness-of-fit on F2 1.051 
Conventional R [F>4oiF)] RI = 0.0527 [9930 data] 
R indices (all data) RI = 0.0893, wR2 = 0.1156 
Final maximum Ala 0.089 
Weighting scheme caic w1![\a2(Fo2)+(0.0272P)2+I 1.9027P] where P=(F02+2Fc2)/3 
Largest diff. peak and hole 	0.452 and -0.485 e.k3 
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Crystal data and structure refinement for cdag59. [CdK2((Ph)3CCO2)4(MeOH)8] 7 
Empirical formula C88 H92 Cd K2 016 
Formula weight 1596.22 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Monoclinic 
Space group P21 /n 
Unit cell dimensions a = 15.1347(8) A 	a = 90 deg. 
b = 25.0389(14) A 	P = 96.091(6) deg. 
c = 21.2924(12) A 	y=90deg. 
Volume 8023.3(8) A3 
Number of reflections for cell 48 (15 <0 < 16 deg.) 
Z 4 
Density (calculated) 1.321 Mg/M3 
Absorption coefficient 0.442 mm' 
F(000) 3336 
Crystal description Colourless Block 
Crystal size 50 x 39 x 31 mm 
O range for data collection 2.52 to 25.03 deg. 
Index ranges -18<h<17, 0<k<29, 0<1<25 
Reflections collected 15318 
Independent reflections 14131 [R(int) = 0.04421 
Scan type Omega 
Absorption correction Psi (Tmin= 0.650, Tmax=0.652) 
Solution direct (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Data / restraints / parameters 14131/0/967 
Goodness-of-fit on F2 0.987 
Conventional R [F>4(F)] RI = 0.0532[8782 data] 
R indices (all data) RI = 0.1083, wR2 = 0.1187 
Final maximum A/a 0.057 
Weighting scheme calc w=1/[\a2(Fo2)+(0.0502P)2+0.0000P] where P(F02+2Fc2)/3 
Largest diff. peak and hole 	0.735 and -0.560 e.A 3 
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Bond I Complex 6 7 
Cdl - 01A 2.440(3) 2.426(3) 
Cdl - 01B 2.385(3) 2.440(3) 
Cdl - 01C 2.400(3) 2.386(3) 
Cdl - OlD 2.406(3) 2.472(3) 
Cdl - 02A 2.382(3) 2.387(3) 
Cdl - 02B 2.41 7(3) 2.389(3) 
Cdl - 02C 2.416(3) 2.435(3) 
Cdl - 02D 2.374(3) 2.370(3) 
MI - 01AM 2.455(4) 2.770(3) 
Ml -0113M 2.295(5) 2.705(5) 
Ml -01CM 2.631(10) 2.770(4) 
Ml - OlD 2.693(4) 2.746(3) 
Ml -01DM 2.435(3) 2.807(4) 
Ml - 02B 2.323(3) 2.604(3) 
M2 - 01A 2.264(3) 2.666(3) 
M2 - 02AM 2.242(3) 2.756(5) 
M2 - 02BM 2.448(4) 2.906(4) 
M2 - 020 2.280(3) 2.682(3) 
M2 - 02CM 2.482(3) 2.769(4) 
M2 - 02DM - 3.052(4) 
Table 7. 7 Full metal bond lengths (A) with e.s.ds in parenthesis for 6 and 7 
Angle I Complex 6 7 
01A-Cdl -OIB 83.26(9) 83.92(10) 
01A - Cdl -010 137.13(9) 139.23(10) 
OIA - Cdl - 01 D 124.28(9) 123.84(10) 
O1A-Cdl -02A 53.86(9) 54.15(9) 
O1A-Cdl -02B 121.97(9) 122.60(10) 
01A - Cdl - 020 83.34(9) 85.29(9) 
01A- Cdl - 02D 83.28(9) 84.74(10) 
01B - Cdl -010 95.41(10) 95.90(10) 
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01B - Cdl - OlD 142.61(9) 140.45(9) 
O1B-Cdl -02A 89.86(10) 90.24(10) 
01B - Cdl - 02B 54.18(9) 53.77(10) 
01B - Cdl - 020 83.92(9) 84.86(10) 
01B - Cdl - 02D 162.75(9) 165.71(10) 
010- Cdl - OlD 80.79(10) 80.60(10) 
010- Cdl - 02A 168.28(9) 165.75(10) 
010 - Cdl - 02B 89.24(9) 87.42(10) 
010 - Cdl - 020 54.06(9) 54.26(9) 
010- Cdl - 02D 87.19(10) 87.06(11) 
OlD - Cdl - 02A 88.66(9) 86.47(9) 
O1D-Cdl -02B 88.47(9) 86.68(10) 
OlD - Cdl - 020 120.64(9) 121 .47(9) 
OlD - Cdl - 02D 54.64(9) 53.82(10) 
02A-Cdl -02B 85.36(9) 85.86(10) 
02A-Cdl -020 137.20(9) 139.44(10) 
02A-Cdl -02D 90.88(10) 90.14(10) 
02B-Cdl -020 122.52(9) 121.42(10) 
02B - Cdl - 02D 143.04(9) 140.48(10) 
020 - Cdl - 02D 83.85(9) 85.58(10) 
01AM - Ml - 01 BM 88.9(2) 95.88(13) 
01AM-Mi -01CM 106.6(3) 104.16(11) 
01AM - Ml - OlD 77.80(13) 71 .21(9) 
01AM - Ml - 01DM 150.9(2) 144.22(10) 
OIAM - Ml - 02B 82.84(12) 78.85(10) 
01 BM - Ml - 01CM 84.1(3) 77.85(13) 
01BM - Ml - OlD 76.93(14) 81 .88(12) 
01BM - Ml - 01DM 97.48(14) 96.67(13) 
01CM - Ml - OlD 160.6(3) 158.65(12) 
01CM - Ml - 01DM 102.4(3) 111.20(11) 
01CM - Ml - 02B 115.3(3) 123.18(12) 
OlD - Ml -01DM 76.07(11) 77.60(9) 
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OlD - Ml - 02B 83.90(11) 77.12(9) 
01DM-MI - 02B 81.78(11) 77.47(10) 
0IA-M2-02AM 134.68(13) 116.8(2) 
OIA- M2 - 02BM 86.89(12) 73.99(10) 
01A-M2-02C 90.56(11) 76.01(9) 
0IA-M2-02CM 85.71(11) 77.90(9) 
02AM - M2 - 02BM 98.60(12) 71.1(2) 
02AM - M2 - 02C 134.33(13) 137.16(14) 
02AM - M2 - 02CM 91 .44(12) 142.2(2) 
02BM - M2 - 02C 88.01(12) 74.52(9) 
02BM - M2 - 02CM 169.95(12) 144.85(10) 
02C - M2 - 02CM 85.28(11) 78.56(9) 
01A-M2-02DM - 138.99(11) 
02C-M2-02DM - 122.59(11) 
02AM - M2 - 02DM - 76.2(2) 
02CM-M2-02DM - 71.85(11) 
02BM-M2-02DM - 142.61(11) 
Table 7. 8 Full metal bond angles (°) with e.s.ds in parenthesis for 6 and 7 
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7.6 Crystal Data for 8 
Crystal data and structure refinement for cona27. [C06(OH)2(chp)4(tpa)6(Me2CO)2].6Me2CO 8 
Empirical formula C164 H152 C14 Co6 N4 026 
Formula weight 3090.28 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions a = 20.876(11) A 	a = 90 deg. 
b = 27.099(15) A 	3 = 108.901(9)deg. 
c = 27.905(15) A 	y= 90 deg. 
Volume 14935(14) A3 
Number of reflections for cell 10 19 (3 <theta <26.5 deg.) 
Z 4 
Density (calculated) 1.374 Mg/m' 
Absorption coefficient 0.795 mm 
F(000) 6408 
Crystal description Blue lath 
Crystal size 0.19 x 0.15 x 0.09 mm 
Instrument CCD area detector 
0 range for data collection 2.55 to 26.38 deg. 
Index ranges -26<=h<=25, -33<=k<18, -33<=1<=34 
Reflections collected 41934 
Independent reflections 15181 [R(int) = 0.0487] 
Scan type phi and omega scans 
Absorption correction Sadabs (Tmin= 0.775, Tmax=0.928) 
Refinement type Full-matrix least-squares on F2 
Data / restraints / parameters 15181/33/895 
Goodness-of-fit on F2  0.912 
Conventional R [F>4c(F)] RI = 0.0373 [10747 data] 
Weighted R (F2 and all data) wR.2 = 0.0864 
Final maximum delta/sigma 0.005 
Weighting scheme calc w=l/[\ 2(Fo2)+(0.0397P)2+0.0000P] where P=(Fo2+2Fc2)/3 
Largest diff. peak and hole 0.775 and -0.414 e.A 3 
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7.7 Crystal Data, Bond Lengths and Angles for 10 and 
11 
Crystal data and structure refinement for niag28_p. 
[Ni8Na2(OH)2(HCO2)6(chp)2(Hchp)2(tpa)8(EtOAc)2] .3EtOAC.H20 10 
Empirical formula C206 H184 C14 N4 Na2 Ni8 045 
Formula weight 4093.03 
Wavelength 1.54184 A 
Temperature 220(2) K 
Crystal system Monoclinic 
Space group P2/c 
Unit cell dimensions a = 28.295(6) A 	a = 90 deg. 
b= 17.718(4)A 	3 = 101.317(18)deg. 
c = 39.725(6) A 	y = 90 deg. 
Volume 19528(7) A3 
Number of reflections for cell 60 (20 <0 < 22 deg.) 
Z 4 
Density (calculated) 1.392 Mg/m3 
Absorption coefficient 2.014 mm-1  
F(000) 8488 
Crystal description Green Block 
Crystal size 0.45 x 0.25 x 0.18 mm 
0 range for data collection 2.50 to 59.93 deg. 
Index ranges -31<=h<27, 0<=k<=17, 0<=l<=39 
Reflections collected 25281 
Independent reflections 20536 [R(int) = 0.1463] 
Scan type Omega 
Solution direct (S1R92) 
Refinement type Full-matrix-block least-squares on F2 
Program used for refinement SHELXTL version 5 
Data / restraints / parameters 20536/6059/2058 
Goodness-of-fit on F2 1.037 
Conventional R [F>4oF)] RI = 0.0982 [11374 data] 
R indices (all data) RI = 0. 1577, wR2 = 0.2745 
Final maximum 0.046 
Weighting scheme calc w=l/[\a2(F02)+(0. 1456P)2+0.0000P] where P(F02+2Fc2)/3 
Largest diff. peak and hole 0.774 and -1.034 e. 'k-3 
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Crystal data and structure refinement for col0tp. 
[Co8Na2(tpa)8(mhp)2(mhpH)2(OH)2(HCO2)6(EtoAc)2] .EtoAc 11 
Empirical formula C200 H172 Co8 N4 Na2 039 
Formula weight 3774.84 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal system Monoclinic 
Space group P2/c 
Unit cell dimensions a = 27.999(4) A 	a = 90 deg. 
b= 17.553(3) A 	P = 101 .607(3) deg. 
c = 40.076(6) A 	y = 90 deg. 
Volume 19293(5) A3 
Number of reflections for cell 684 (5 <0 < 30 deg.) 
Z 4 
Density (calculated) 1.299 Mg/m3 
Absorption coefficient 0.748 mni1 
F(000) 7800 
Crystal description Purple Block 
Crystal size 0.40 x 0.21 x 0.12mm 
0 range for data collection 1.27 to 20.00 deg. 
Index ranges -26<h<25, -14<k<16, -38<l<37 
Reflections collected 49839 
Independent reflections 17981 [R(int) = 0.1226] 
Scan type phi and omega scans 
Absorption correction Empirical (Tmin= 0.701, Tmax=0.928) 
Solution direct SHELXS-97 (Sheldrick, 1990) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Data / restraints / parameters 17981/2285/2407 
Goodness-of-fit on F2 1.048 
Conventional R [F>4o(F)] RI = 0.1102 [9850 data] 
Weighted R (F2 and all data) wR2 = 0.3250 
Extinction coefficient 0.00013(3) 
Final maximum A/a 0.003 
Weighting scheme calc w= 1/{\s2(Fo2)+(0. 1600p)2+ 141.7288P] where P(F02+2Fc2)/3 
Largest diff. peak and hole 1.697 and -1.000 e.A 3 
RE 
Bond/Complex 10 11 
Ml - 01B 2.027(7) 2.079(10) 
Ml - OIC 2.018(7) 2.015(12) 
Ml - OIM 2.079(6) 2.077(9) 
Ml - 05 2.006(6) 2.035(9) 
Ml-07 2.105(6) 2.115(10) 
Ml - 08 2.129(7) 2.157(13) 
M2-N1M 2.072(7) 2.117(12) 
M2 - 01H 1.990(6) 1.996(11) 
M2-OIL 2.105(7) 2.141(11) 
M2-01M 2.254(6) 2.258(11) 
M2 - 06 2.057(6) 2.127(9) 
M2 - 09 2.008(7) 2.030(10) 
M3-01 2.135(6) 2.154(13) 
M3 - OIG 2.049(6) 2.064(10) 
M3 - OIL 2.049(6) 2.093(9) 
M3 - 02H 2.017(7) 2.050(12) 
M3 - 04 1.987(6) 2.053(9) 
M3 - 06 2.089(6) 2.125(9) 
M4-011 2.090(6) 2.156(9) 
M4 - 01A 2.035(7) 2.088(9) 
M4 - OlD 2.052(7) 2.108(12) 
M4 - 02 2.025(8) 2.040(12) 
M4 - 02D 2.176(7) 2.145(10) 
M4 - 05 1.996(6) 2.039(10) 
M5 - 01K 2.024(9) 2.052(14) 
M5-02 2.077(7) 2.112(10) 
MS - 02A 2.030(6) 2.047(10) 
MS - 02B 2.026(7) 2.085(9) 
MS-05 2.031(7) 2.083(11) 
M5-08 2.120(6) 2.131(10) 
M6-NIL 2.112(8) 2.071(11) 
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M6 - 012 2.009(7) 2.035(10) 
M6-OIL 2.216(6) 2.320(10) 
M6-OIM 2.095(7) 2.141(11) 
M6-020 1.959(7) 2.012(11) 
M6-07 2.052(6) 2.133(9) 
M7 - 010 2.016(7) 2.066(13) 
M7-01E 2.064(7) 2.071(12) 
M7 - 02E 2.124(7) 2.224(10) 
M7 - 02F 2.052(6) 2.057(9) 
M7-03 2.098(6) 2.135(9) 
M7 - 04 2.010(6) 2.022(10) 
M8-01 2.111(6) 2.135(9) 
M8 - 010 2.050(6) 2.120(10) 
M8-01F 2.005(6) 2.085(10) 
M8 - OIJ 2.021(7) 2.030(14) 
M8 - 02G 2.045(6) 2.078(10) 
M8 - 04 2.030(6) 2.087(12) 
Nal -011 2.344(8) 2.420(10) 
Nal -013 2.284(8) 2.302(11) 
Nal - 014 2.401(9) 2.330(13) 
Nal - 02D 2.304(8) 2.301(10) 
Nal -02S 2.244(11) 2.268(13) 
Na2 - 013 2.325(9) 2.426(14) 
Na2 -014 2.318(8) 2.281 (10) 
Na2 - 02E 2.299(7) 2.292(11) 
Na2-03 2.399(7) 2.338(11) 
Na2 - 04S 2.277(10) 2.263(14) 
Table 7. 9 Full metal bond lengths (A) with e.s.ds in parenthesis for 10 and 11 
Bond IComplex 10 11 
010- Ml - OIB 89.1(3) 89.6(4) 
OIB - Ml - OIM 93.10(19) 93.1(4) 
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010- Ml - OIM 94.75(19) 93.2(4) 
05 - MI - 01 B 94.9(3) 94.4(4) 
05-Ml -010 91.3(3) 90.5(4) 
05-Mi-01M 170.0(2) 171.6(4) 
01B - Ml - 07 167.8(3) 169.3(4) 
01C-Ml -07 91.5(3) 92.1(4) 
01M - Ml -07 74.69(18) 76.3(4) 
05-Ml - 07 97.2(3) 96.1(4) 
01B - Ml -08 86.6(3) 84.9(4) 
01C-Ml -08 172.5(3) 171.5(4) 
01M - Ml -08 91 .66(19) 93.6(4) 
05 - Ml - 08 82.9(3) 83.4(4) 
07 - Ml - 08 94.0(2) 94.5(4) 
OIH - M2 - NIM 100.3(3) 101.6(5) 
NIM-M2-01L 92.3(3) 94.1(4) 
OIH - M2 - OiL 101.5(2) 100.9(4) 
N1M-M2-OIM 61.3(2) 60.9(4) 
01H-M2-OIM 161.5(3) 162.5(4) 
OIL - M2 - 01M 78.5(2) 80.0(4) 
06- M2 - NIM 165.7(2) 166.7(5) 
OIH - M2 - 06 88.48(19) 88.1(4) 
06- M2 - OiL 74.82(19) 74.9(4) 
06-M2-01M 109.12(18) 108.9(4) 
09-M2-N1M 94.5(2) 94.1(4) 
01H - M2 - 09 93.5(2) 93.3(4) 
09-M2-01L 162.1(2) 161.7(4) 
09- M2 - OiM 90.28(19) 89.8(4) 
09 - M2 - 06 96.2(3) 94.3(4) 
01G - M3 - 01 84.70(19) 86.6(4) 
O1L-M3-01 93.24(18) 91.8(4) 
O1L-M3-OIG 92.4(3) 94.2(4) 
02H - M3 - 01 171 .88(19) 171 .8(4) 
wi 
02H - M3 - OIG 90.4(3) 88.8(4) 
02H - M3 - 01 L 93.5(3) 95.3(4) 
04 - M3 - 01 82.9(2) 82.5(4) 
M3 - OIG 95.46(19) 93.5(4) 
04-M3-01L 170.84(18) 170.0(4) 
04-M3-02H 91.12(19) 91.1(4) 
06-M3-01 94.0(2) 95.1(4) 
01G - M3-06 167.65(19) 170.1(4) 
OiL - M3 -06 75.35(18) 76.0(4) 
02H - M3 - 06 92.13(19) 90.6(4) 
04 - M3 - 06 96.6(2) 96.4(4) 
01A-M4-011 167.6(3) 171.8(4) 
01D - M4 - 011 91.7(3) 92.3(4) 
01A-M4-0ID 90.1(3) 90.1(4) 
02 - M4 - 011 89.9(3) 88.5(4) 
02 - M4 - 01A 86.9(3) 87.5(4) 
02-M4-01D 172.7(3) 168.6(4) 
011 - M4 - 02D 79.8(2) 80.9(3) 
01A - M4 - 02D 90.3(3) 93.3(4) 
OlD - M4 - 02D 61.8(3) 62.1(4) 
02 - M4 - 02D 111.5(3) 107.0(4) 
05-M4-011 95.9(2) 95.1(3) 
05-M4-01A 95.4(3) 91.6(4) 
M4 - OlD 104.8(3) 107.6(4) 
05- M4 - 02 82.1(3) 83.6(4) 
05- M4 - 02D 165.5(3) 168.6(4) 
01K - M5 - 02 93.0(2) 89.6(5) 
01K - M5 - 02A 91.9(2) 94.4(5) 
02A - M5 - 02 89.5(3) 90.4(4) 
0IK-M5-02B 91.1(2) 93.4(5) 
02B - M5 - 02 175.9(3) 176.7(5) 
02B - M5 - 02A 90.5(3) 87.9(4) 
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01K-M5-05 171.3(2) 1680(4) 
05 - M5 - 02 80.0(3) 80.7(4) 
02A-M5-05 93.1(3) 92.8(4) 
02B - M5 - 05 96.0(3) 96.5(4) 
0IK-M5-08 92.1(2) 89.9(5) 
02 - M5 - 08 87.6(2) 89.3(4) 
02A-M5-08 175.2(3) 175.7(5) 
02B - M5 - 08 92.1(3) 92.2(4) 
05 - M5 - 08 82.6(3) 82.9(4) 
012-M6-N1L 92.7(2) 96.1(4) 
N1L-M6-01L 61.8(3) 60.3(5) 
012-M6-01L 91.07(18) 89.1(4) 
01M - M6 - NiL 92.9(3) 93.4(5) 
012-M6-01M 165.2(2) 158.2(4) 
01M-M6-01L 79.6(2) 78.6(4) 
02C - M6 - NIL 99.5(2) 103.2(5) 
02C - M6 - 012 90.3(3) 96.7(5) 
02C-M6-OIL 161.3(2) 163.1(4) 
020- M6 - OIM 102.2(2) 100.1(4) 
07 - M6 - NiL 167.1(2) 165.3(5) 
012 - M6 - 07 97.3(3) 92.5(4) 
07- M6 - OIL 109.69(18) 108.2(4) 
07- M6 - 01M 75.47(19) 74.6(4) 
020 - M6 - 07 88.6(3) 87.5(4) 
010- M7 - OlE 170.9(3) 172.9(4) 
010- M7 - 02E 107.7(3) 112.8(4) 
OIE-M7-02E 63.3(3) 61.0(4) 
010 - M7 - 02F 87.7(3) 86.6(4) 
02F - M7 - 01 E 91.0(3) 89.8(4) 
02F - M7 - 02E 92.6(3) 90.4(4) 
010- M7 - 03 90.6(2) 88.9(4) 
OlE - Mi - 03 89.4(3) 93.3(4) 
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03 - M7 - 02E 80.2(2) 80.0(3) 
02F-M7-03 171.7(3) 166.9(4) 
04- M7 -010 82.2(3) 83.0(4) 
04-M7-01E 106.8(3) 103.5(4) 
04- M7 - 02E 169.1(3) 163.3(5) 
04 - M7 - 02F 92.2(3) 96.2(4) 
04 - M7 - 03 95.7(2) 95.5(4) 
010 - M8 - 01 89.5(2) 87.7(4) 
OIF - M8 -01 176.9(3) 174.0(5) 
01 F - M8 - 010 91.0(3) 89.0(4) 
0IJ-M8-01 90.19(18) 92.0(5) 
01J - M8 - 010 88.8(2) 93.2(5) 
01F - M8 - 01J 92.9(2) 93.1(5) 
02G - M8 -01 91 .30(18) 92.6(4) 
02G - M8 - 010 177.4(2) 173.6(5) 
01F - M8 - 02G 88.1(2) 90.2(4) 
01J - M8 - 02G 93.7(3) 93.1(5) 
04- M8 - 01 82.5(2) 82.1(4) 
04-M8-010 80.9(3) 80.1(4) 
01F - M8 - 04 94.5(3) 92.4(4) 
01J - M8 - 04 167.3(2) 171 .3(4) 
04 - M8 - 02G 96.8(2) 93.6(4) 
013-Nal -011 99.3(3) 97.1(4) 
011 - Nal -014 81.5(3) 82.4(4) 
013 - Nal - 014 83.9(3) 85.8(4) 
02D - Nal - 011 72.2(3) 72.4(4) 
013- Nal - 02D 168.8(3) 165.3(5) 
02D - Nal - 014 101.6(3) 102.5(4) 
02S - Nal - 011 164.2(3) 169.9(5) 
02S - Nal - 013 90.2(3) 92.6(4) 
02S-Nal -014 112.3(3) 101.3(5) 
02S - Nal - 02D 96.6(3) 97.5(4) 
Ivi 
014- Na2 -013 84.8(3) 84.1(4) 
02E - Na2 - 013 100.6(3) 104.5(4) 
02E - Na2 - 014 165.5(3) 168.1(5) 
013 - Na2 - 03 82.3(3) 82.4(4) 
014- Na2 -03 97.1(3) 98.9(4) 
02E - Na2 - 03 70.7(2) 74.5(4) 
04S-Na2-013 102.7(3) 111.1(5) 
04S - Na2 - 014 95.9(3) 89.3(4) 
04S - Na2 - 02E 96.0(3) 95.1(5) 
04S - Na2 - 03 166.5(3) 165.0(6) 
Table 7. 10 Full metal bond angles (°) with e.s.ds in parenthesis for 10 and 11 
196 
7.8 Crystal Data for 12 







Unit cell dimensions 
Volume 













Hydrogen atom placement 
Hydrogen atom treatment 
Data / restraints I parameters 
Goodness-of-fit on F2 
Conventional R [F>4o(F)] 
R indices (all data) 
Final maximum A/c 
Weighting scheme 
Largest diff. peak and hole 






a = 19.054(3) A a = 90 deg. 
b = 19.054(3) A P = 90 deg. 
c=81.85(2)A y=l2Odeg. 
25737(7) A3 







2.52 to 20.06 deg. 
-18<=h<=0, -15<=k<=17, -26<=k=78 
9949 
2679 [R(int) = 0.1312J 
Omega 





RI = 0.0715 [1620 data] 
R  = 0. 1299, wR2 = 0.2127 
0.008 
calc w=l/[\a2(F02)+(0.l 187P)2+0.0000P] where P=(F02+2Fc2)13 
0.814 and -0.688 e.A 3 
197 
7.9 Crystal Data, Bond Lengths and Angles for 13 
Crystal data and structure refinement for niag30 [Ni10(OH)6(tpa)6(mhp)(H20)2(Me0H)2].3.75Et0Ac 
Empirical formula C185 H186 N8 NilO 037.50 
Formula weight 3708.52 
Wavelength 1.54184 A 
Temperature 220(2) K 
Crystal system Monoclinic 
Space group P21 /c 
Unit cell dimensions a = 29.828(13) A 	a = 90 deg. 
b = 18.635(8) A 	13 = 93.60(5) deg. 
c = 31.480(13) A 	y=9Odeg. 
Volume 17463(13) A3 
Number of reflections for cell 76 (9.5 <0 <22 deg.) 
Z 4 
Density (calculated) 1.411 Mg/M3 
Absorption coefficient 1.767 mm' 
F(000) 7728 
Crystal description Green Lath 
Crystal size 0.35 x 0.16 x 0.04 min 
0 range for data collection 2.76 to 32.58 deg. 
Index ranges -20<=h<=20, 0<=k<=12, 0<1<21 
Reflections collected 6203 
Independent reflections 6203 [R(int) = 0.0000] 
Scan type Omega 
Solution direct (S1R92) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXTL version 5 
Data / restraints / parameters 6203/5797/921 
Goodness-of-fit on F2 0.927 
Conventional R [F>4(F)] RI = 0.0815 [3499 data] 
R indices (all data) RI = 0.1378, wR2 = 0.2191 
Final maximum A/a 0.000 
Weighting scheme calc w=1/[\a2(Fo2)+(0. 1285P)2+0.0000P] where P=(F02+2Fc2)/3 
Largest diff. peak and hole 1.151 and -0.463 e.A 3 
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Nil -02H 2.011(12) Ni6-06H 1.944(12) 
Nil - 06H 2.055(12) Ni6 - OlE 2.068(14) 
Nil - 04H 2.069(12) Ni6 - 027 2.094(13) 
Nil - 03H 2.069(12) Ni6 - N18 2.103(14) 
Nil - 05H 2.084(12) Ni6 - 022 2.147(12) 
Nil -01H 2.110(12) Ni6-028 2.258(12) 
Ni2 - 02H 1.957(12) NU - 05H 2.002(12) 
Ni2 - 02B 2.010(14) Ni7 - Nll 2.058(15) 
Ni2 - N14 2.094(14) Ni7 - 01A 2.061(15) 
N12 - OlS 2.146(13) Ni7 - 023 2.157(13) 
Ni2 - 026 2.189(13) Ni7 - 01R 2.262(16) 
Ni2 - 024 2.231(12) NU - 021 2.280(12) 
N13 - 01H 1.987(12) NO - 01C 2.027(14) 
Ni3 - N12 2.066(14) Ni8 - 02D 2.040(14) 
Ni3 - 01F 2.078(14) Ni8 	04H 2.047(12) 
Ni3 - 02W 2.132(12) NO - 03H 2.064(12) 
Ni3 - 028 2.148(12) Ni8 - 021 2.123(12) 
Ni3-022 2.274(12) Ni8-024 2.162(12) 
Ni4 - 03H 1.960(12) Ni9 - 05H 1.991(12) 
Ni4 - 01D 2.009(14) Ni9 - 01H 1.993(12) 
Ni4 - 025 2.043(14) Ni9 - 02A 2.005(14) 
Ni4 - N13 2.080(14) Ni9 - 02F 2.041 (14) 
Ni4 -021 2.115(12) Ni9 - 023 2.127(13) 
Ni4 - 023 2.283(13) Ni9 - 028 2.149(13) 
Ni5 - 04H 1.962(12) NilO - 02H 1.999(12) 
Ni5 - 020 2.034(14) NilO - 01B 2.006(13) 
Ni5 - N16 2.058(14) NilO - 06H 2.032(12) 
Ni5 - 01W 2.139(12) NilO - 02E 2.033(14) 
Ni5 - 024 2.146(12) NilO - 026 2.094(13) 
Ni5 - 026 2.258(13) NilO - 022 2.135(12) 
Table 7. 11 Full metal bond lengths (A) with e.s.ds in parenthesis for 13 
02H - Nil - 06H 79.6(5) 06H - Ni6 - OlE 97.7(5) 
02H - Nil - 04H 105.0(5) 06H - Ni6 - 027 86.6(5) 
06H - Nil - 04H 89.0(5) OlE - Ni6 - 027 94.0(5) 
02H - Nil - 03H 87.4(5) 06H - Ni6 - N18 163.4(6) 
06H - Nil - 03H 162.1(5) OlE - Ni6 - N18 98.7(6) 
04H - Nil - 03H 82.5(5) 027 - Ni6 - N18 95.0(5) 
02H - Nil - 05H 162.3(5) 06H - Ni6 - 022 77.3(5) 
06H - Nil - 05H 88.1(5) OlE - Ni6 -022 98.5(5) 
04H - Nil - 05H 87.3(5) 027 - Ni6 - 022 160.7(5) 
03H - Nil - 05H 107.1(5) N18 - Ni6 -022 97.5(5) 
02H - Nil - 01H 92.6(5) 06H - Ni6 - 028 102.0(5) 
06H - Nil - 01H 105.7(5) OlE - Ni6 - 028 160.2(5) 
04H - Nil - OIH 159.0(5) 027- Ni6 - 028 89.1(4) 
03H-Nil -OIH 87.0(4) N18-Ni6-028 61.5(5) 
05H-Nil -OlH 78.4(4) 022-Ni6-028 84.1(4) 
02H - Ni2 - 02B 98.1(5) 05H - N17 - Nil 163.2(6) 
02H - Ni2 - N14 161.5(6) 05H - Ni7 - OIA 94.6(5) 
02B - Ni2 - N14 99.1(6) Nl I - Ni7 - OlA 101.3(6) 
02H - Ni2 - OIS 92.3(5) 05H - Ni7 - 023 75.9(5) 
02B - Ni2 - OIS 88.0(5) Nl I - Ni7 - 023 97.7(5) 
N14 - Ni2 - OIS 95.1(5) 01A - Ni7 -023 92.6(5) 
02H - Ni2 -026 73.8(5) 05H - Ni7 - DIR 89.9(5) 
02B-Ni2-026 94.8(5) Nil -Ni7-OlR 94.3(6) 
N14 - N12 -026 97.9(5) OIA - NU - DiR 94.4(6) 
01S - N12 - 026 166.1(5) 023 - Ni7 - 01R 164.6(5) 
02H - Ni2 - 024 101.7(5) 05H - Ni7 - 021 102.2(5) 
O2B- Ni2 -024 158.7(5) NIl -Ni7-021 61.3(6) 
N14 - Ni2 -024 60.4(6) OlA - Ni7 -021 161 .0(5) 
01S - Ni2 - 024 99.1(5) 023- NU - 021 83.0(4) 
026- Ni2 - 024 83.1(4) DiR - Ni7 - 021 94.4(5) 
OiH - Ni3 - N12 162.2(6) 010 - Ni8 - 02D 90.6(5) 
OIH - Ni3 - 01F 97.8(5) 01C - NO - 04H 94.6(5) 
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N12 - Ni3 - 01F 99.7(6) 02D - Ni8 - 04H 171.4(5) 
01H - Ni3 - 02W 92.9(5) 010 - Ni8 - 03H 170.9(5) 
N12 - N13 - 02W 89.6(5) 02D - Ni8 - 03H 92.8(5) 
01F - N13 - 02W 90.5(5) 04H - NO - 03H 83.1(5) 
01H - N13 - 028 77.2(5) 010 - Ni8 - 021 94.5(5) 
N12 - ND - 028 98.7(5) 02D - N18 - 021 95.3(5) 
01F - N13 - 028 94.7(5) 04H - Ni8 - 021 91.2(5) 
02W - Ni3 - 028 169.3(5) 03H - Ni8 - 021 76.8(5) 
01H - N13 - 022 100.7(5) OIC - Ni8 - 024 94.4(5) 
N12 - Ni3 -022 61.5(6) 02D - NO -024 94.4(5) 
OIF - Ni3 -022 160.5(5) 04H - N18 - 024 78.3(5) 
02W - N13 - 022 94.4(4) 03H - Ni8 - 024 93.8(5) 
028 - Ni3 - 022 83.7(4) 021 - Ni8 - 024 166.8(5) 
03H - Ni4 - OlD 95.6(5) 05H - N19 - OIH 83.4(5) 
03H - Ni4 - 025 84.4(5) 05H - Ni9 - 02A 94.1(5) 
01D - Ni4 - 025 97.4(5) 01H - N19 - 02A 170.7(5) 
03H - N14 - N13 163.5(6) 05H - N19 - 02F 174.3(5) 
OlD - N4 - N13 100.8(6) 01H - N19 - 02F 95.8(5) 
025- Ni4 - N13 95.4(5) 02A - Ni9 - 02F 87.5(5) 
03H - Ni4 - 021 79.2(5) 05H - Ni9 - 023 76.8(5) 
01D - Ni4 - 021 94.7(5) 01H - Ni9 - 023 91.7(5) 
025 - Ni4 - 021 160.4(5) 02A - Ni9 - 023 96.4(5) 
N13 - N14 - 021 97.3(5) 02F - NO - 023 97.6(5) 
03H - Ni4 - 023 102.5(5) 05H - Ni9 - 028 92.1(5) 
OlD - Ni4 -023 161 .2(5) 01H - Ni9 -028 77.1(5) 
025 - Ni4 - 023 89.4(5) 02A - N19 - 028 94.2(5) 
N13 - N14 - 023 61.0(6) 02F - N19 - 028 93.2(5) 
021 - N14 - 023 83.9(4) 023- Ni9 - 028 165.1(5) 
04H - Ni5 - 02C 96.7(5) 02H - NilO - OIB 98.1(5) 
04H - Ni5 - N16 160.9(6) 02H - Nil 	- 06H 80.4(5) 
020- Ni5 - N16 102.3(6) OIB - NilO - 06H 171 .9(5) 
04H - Ni5 - 01W 87.9(5) 02H - Nil 	- 02E 169.9(5) 
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02C - Ni5 - 01W 92.8(5) 01B - NilO - 02E 87.3(5) 
N16 - N15 - 01W 93.3(5) 06H - NilO - 02E 95.4(5) 
04H - Ni5 - 024 80.5(5) 02H - NilO - 026 75.1(5) 
02C - N15 - 024 92.8(5) 01B - NilO - 026 97.8(5) 
N16 - Ni5 - 024 96.3(5) 06H - NilO - 026 89.5(5) 
01W - Ni5 - 024 167.6(5) 02E - NilO - 026 95.7(5) 
04H - N15 - 026 100.1(5) 02H - NilO - 022 92.2(5) 
020— Ni5 - 026 162.0(5) 01B - NilO - 022 96.4(5) 
N16 - Ni5 - 026 60.9(6) 06H - NilO - 022 75.7(5) 
01W - Ni5 - 026 94.4(5) 02E - NilO - 022 95.7(5) 
024— Ni5 -026 83.5(4) 026- NilO -022 162.1(5) 
Table 7. 12 Full metal bond angles (°) with e.s.ds in parenthesis for 13 
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7.10 Crystal Data, Bond Lengths and Angles for 14 
Crystal data and structure refinement for nia278. 
[Ni 0(OH)6(chpH)(chp)6(02CCPh3)6(NO3)2(MeCN)3] . 8MeCN.2H20 14 
Empirical formula C 18 H202 C17 N20 Ni 10 033 
Formula weight 4032.89 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal system Triclinic 
Space group P-I 
Unit cell dimensions a = 18.3048(14) A 	a = 88.149(2) deg. 
b= 18.7041(15)A 	3=76.9650(10)deg. 
c = 27.2303(12) A 	y= 71.0330(10) deg. 
Volume 8581.1(10) A' 
Number of reflections for cell 7024(4<0 < 52 deg.) 
Z 2 
Density (calculated) 1.561 Mg/m3 
Absorption coefficient 1.262 mm 
F(000) 4194 
Crystal description Green Block 
Crystal size 0.18 x 0.13 x 0.13mm 
0 range for data collection 1.15 to 25.00 deg. 
Index ranges -21<h<21, -22<k<21, -32<1<23 
Reflections collected 52093 
Independent reflections 29903 [R(int) = 0.0295] 
Scan type phi and omega scans 
Absorption correction Empirical (Tmin= 0.928, Tmax0.759) 
Solution direct (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Data / restraints / parameters 29903/143/2069 
Goodness-of-fit on F2 0.973 
Conventional R [F>4(F)] RI = 0.0565 [20087 data] 
Weighted R (F2 and all data) wR2 = 0.1645 
Final maximum A/a 0.001 
Weighting scheme calc w= 1/[\ 2(Fo2)+(0. 101 7P)2+0.0000P] where P(F02+2Fc2)/3 
Largest diff. peak and hole 1.694 and -1.274 e.A 3 
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Nil-01 2.054(3) Ni6-N1M 2.081(4) 
Nil-02 2.059(3) Ni6-N2S 2.063(6) 
Nil-03 2.077(3) Ni6-01 1.979(3) 
Nil-04 2.063(3) Ni6-01B 2.002(3) 
Nil-05 2.076(3) Ni6-01G 2.164(4) 
Nil-06 2.080(3) Ni6-0IM 2.200(3) 
Ni2-NIH 2.071(4) Ni7-01 2.043(3) 
N12-01H 2.211(3) Ni7-01C 2.013(4) 
Ni2-01I 2.153(3) Ni7-01G 2.176(3) 
Ni2-02A 1.987(3) Ni7-01H 2.131(3) 
Ni2-04 1.977(3) Ni7-02B 2.008(4) 
Ni2-09 2.067(4) Ni7-06 2.037(3) 
Ni3-0IA 2.018(3) Ni8-N1J 2.102(4) 
N13-01 D 2.005(3) Ni8-01J 2.215(3) 
Ni3-01 I 2.156(3) Ni8-01 K 2.192(5) 
Ni3-01 L 2.179(3) Ni8-01 L 2.162(3) 
N13-02 2.035(3) Ni8-02 1.982(3) 
Ni3-04 2.039(3) Ni8-02D 2.007(3) 
Ni4-01E 2.014(3) Ni9-N1I 2.103(4) 
Ni4-01F 2.013(3) Ni9-010 2.056(5) 
N14-01J 2.114(3) Ni9-01H 2.143(4) 
Ni4-01M 2.136(3) Ni9-01I 2.212(3) 
Ni4-03 2.058(3) Ni9-02C 2.012(4) 
Ni4-05 2.054(3) Ni9-06 1.982(3) 
Ni5-N 1 L 2.099(4) Nil 0-Ni G 2.087(4) 
Ni5-N iS 2.069(4) Nil 0-N3S 2.078(6) 
Ni5-01 J 2.133(3) Nil 0-01 G 2.234(3) 
N15-01 L 2.229(3) NiiO-01 M 2.169(4) 
Ni5-02E 2.006(3) Nil 0-02F 2.010(3) 
Ni5-05 1.989(3) NiiO-03 1.979(3) 
Table 7. 13 Full metal bond lengths (A) with e.s.ds in parenthesis for 14 
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01-Nil-02 163.96(12) 01-Ni6-01 B 96.58(13) 
01-Nil-04 88.11(12) 01-N16-N2S 91.29(18) 
02-Nil-04 82.00(12) 01 B-Ni6-N2S 91.12(19) 
01-Nil-05 86.94(13) 01 -Ni6-N 1 M 163.09(14) 
02-Nil-05 105.09(12) 01 B-Ni6-Nl M 99.89(15) 
04-Nil-05 87.40(12) N2S-Ni6-Nl M 92.2(2) 
01-Nil-03 104.80(12) 01-Ni6-01G 78.30(13) 
02-Nil-03 87.45(12) 01 B-Ni6-Ol G 96.75(15) 
04-Nil-03 163.38(12) N2S-Ni6-01 0 167.57(17) 
05-Nil-03 82.98(12) N 1 M-Ni6-0l 0 95.89(17) 
01-Nil-06 82.13(13) 01-Ni6-01 M 100.99(12) 
02-Nil-06 88.32(13) 01 B-Ni6-0l M 161.91(13) 
04-Nil-06 105.29(12) N2S-Ni6-01 M 92.77(17) 
05-Nil-06 162.87(12) N 1 M-Ni6-Ol M 62.32(14) 
03-Nil-06 87.10(12) 01 G-Ni6-Ol M 82.72(13) 
04-Ni2-02A 97.81(13) 02B-Ni7-01 C 88.79(16) 
04-Ni2-09 97.09(16) 02B-Ni7-06 169.61(14) 
02A-Ni2-09 93.98(17) 01 C-Ni7-06 95.68(15) 
04-Ni2-Nl H 162.42(15) 02B-Ni7-01 93.42(15) 
02A-Ni2-Nl H 99.63(14) 01 C-Ni7-Ol 171.97(13) 
09-Ni2-Nl H 83.96(18) 06-Ni7-01 83.45(13) 
04-Ni2-01I 77.26(12) 02B-Ni7-01H 93.66(13) 
02A-Ni2-01 I 93.54(13) 01 C-Ni7-0l H 96.25(14) 
09-Ni2-01 I 171.16(16) 06-Ni7-01 H 76.56(12) 
NI H-Ni2-0l I 99.36(15) 01-Ni7-01 H 91.32(13) 
04-Ni2-0I H 100.19(12) 02B-Ni7-0I 0 96.80(13) 
02A-Ni2-01 H 160.96(13) 01 C-Ni7-0I 0 95.40(14) 
09-Ni2-01 H 89.93(17) 06-Ni7-01 G 92.12(12) 
NI H-Ni2-Ol H 62.23(14) 01 -Ni7-Ol G 76.68(13) 
01 I-Ni2-01 H 84.45(13) 01 H-N17-OlG 164.49(12) 
01 D-Ni3-0I A 88.77(13) 02-Ni8-02D 96.37(13) 
01 D-Ni3-02 93.42(12) 02-Ni8-Nl J 162.00(15) 
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01 A-N13-02 172.35(14) 02D-Ni8-N 1 J 101.48(15) 
01 D-N13-04 169.87(14) 02-Ni8-01 L 77.97(12) 
01 A-Ni3-04 95.82(12) 02D-Ni8-01 L 95.22(13) 
02-Ni3-04 83.21(12) NI J-Ni8-01 L 97.89(15) 
01 D-Ni3-0i I 94.64(13) 02-Ni8-01 K 88.27(14) 
01 A-Ni3-01 I 96.37(13) 02D-Ni8-01 K 93.44(14) 
02-Ni3-01 I 90.76(12) Ni J-Ni8-01 K 92.99(16) 
04-Ni3-01 I 75.92(12) 01 L-Ni8-01 K 164.46(13) 
01 D-Ni3-0i L 95.69(13) 02-Ni8-01 J 100.42(12) 
01 A-Ni3-0i L 96.02(13) 02D-Ni8-01 J 162.25(13) 
02-Ni3-01 L 76.48(12) NIJ-N18-01 J 61.59(13) 
04-Ni3-01 L 92.8 1(12) 01 L-Ni8-01J 82.76(12) 
01 I-N13-0i L 164.02(12) 01 K-N18-01J 92.79(14) 
01 F-N14-01 E 89.45(13) 06-Ni9-02C 96.97(14) 
01 F-Ni4-05 167.86(13) 06-Ni9-01 0 93.98(19) 
01 E-Ni4-05 95.09(13) 02C-Ni9-01 0 94.5(2) 
01 F-Ni4-03 93.53(13) 06-N19-NI I 161.71(16) 
01 E-N14-03 169.82(13) 02C-Ni9-N1 I 101.06(16) 
05-Ni4-03 83.96(12) 010-N 19-Nil 87.7(2) 
01 F-Ni4-01 J 91.97(12) 06-Ni9-01 H 77.42(12) 
01 E-N14-01 J 97.94(13) 02C-Ni9-0I H 93.79(15) 
05-Ni4-0IJ 76.27(11) 01 0-Ni9-01 H 168.7(2) 
03-N14-0I J 91.69(12) Ni l-Ni9-Oi H 98.18(16) 
01 F-N14-01 M 98.17(13) 06-N19-01 I 99.87(12) 
01 E-Ni4-0i M 92.94(14) 02C-N19-01 I 162.31 (13) 
05-Ni4-01 M 92.84(12) 01 0-Ni9-0i I 89.66(17) 
03-N14-01 M 77.0 1(13) Ni I-Ni9-Oi I 61.89(15) 
01J-Ni4-0I M 165.19(12) 01 H-N19-01 I 84.68(12) 
05-N15-02E 95.95(13) 03-Nil 0-02F 96.48(13) 
05-Ni5-Ni S 95.64(15) 03-Nil 0-N3S 96.06(17) 
02E-Ni5-Ni S 90.07(15) 02F-Ni1 0-N3S 89.89(17) 
05-Ni5-NI L 161.37(15) 03-Nil 0-NI G 160.93(14) 
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02E-Ni5-N1 L 102.15(15) 02F-NilO-Nl G 102.04(15) 
NI S-Ni5-NI L 88.78(16) N3S-Ni10-N1 G 88.55(19) 
05-Ni5-01 J 77.23(12) 03-Nil 0-DIM 77.91(13) 
02E-Ni5-0IJ 96.23(13) 02F-NilO-01M 96.89(14) 
Nl S-Ni5-01 J 170.91(15) N3S-Nil 0-01 M 171.36(15) 
Nl L-Ni5-01 J 96.27(13) N1G-Nil 0-01 M 95.24(16) 
05-Ni5-01 L 99.83(12) 03-Nil 0-DIG 99.60(12) 
02E-Ni5-01 L 163.62(13) 02F-Nil 0-OIG 163.19(13) 
Nl S-Ni5-Ol L 92.70(14) N3S-NilO-01 G 93.23(16) 
Nl L-Ni5-0l L 61.80(14) Nl G-Nil 0-01 G 61.58(14) 
01 J-Ni5-Dl L 83.10(12) Dl M-Nil 0-DiG 81.82(13) 
Table 7. 14 Full metal bond angles (°) with e.s.ds in parenthesis for 14 
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7.11 Crystal Data for 16 
Crystal data and structure refinement for agc156. [Cu802(chp)8(tma)4].1.25H20 16 
Empirical formula C60 H62.50 C18 Cu8 N8 019.25 
Formula weight 1995.60 
Wavelength 1.54184 A 
Temperature 220(2) K 
Crystal system Orthorhombic 
Space group Pbcn 
Unit cell dimensions a = 43.647(4) A 	ct = 90 deg. 
b= 17.3439(13)A 	3=9odeg. 
c = 20.983(2) A 	y = 90 deg. 
Volume 15884(2) A3 
Number of reflections for cell 76 (21 <0 <22 deg.) 
Z 8 
Density (calculated) 1.669 Mg/m' 
Absorption coefficient 5.356 mm' 
F(000) 8004 
Crystal description Green Plate 
Crystal size 0.24 x 0.18 x 0.14mm 
0 range for data collection 2.74 to 70.03 deg. 
Index ranges -52<h<53, -19<k<19, -20<1<25 
Reflections collected 14780 
Independent reflections 13013 [R(int) = 0.0346] 
Scan type 
Absorption correction Optimised (Tmin= 0,075, Trnax=0.542) 
Hydrogen atom placement geom 
Hydrogen atom treatment mixed 
Data / restraints! parameters 13013/55/941 
Goodness-of-fit on F2  1.015 
Conventional R [F>4a(F)] 
R indices (all data) 
Extinction coefficient 
Final maximum A/cy  
Weighting scheme 
Largest diff. peak and hole 
0.025 
cal  W=,/[\G2 (Fo2)+(0.0742p)2 +4.8 
Ri = 0.0518 [8337 data] 
RI = 0.0933, wR2 = 0.1448 
0.000020(3) 
I73P] where P=(Fo2+2Fc2)!3 
0.825 and -0.354 ek3 
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7.12 Crystal Data for 17 
Table 1. Crystal data and structure refinement for cual62. {Cu2(Ph3CCO2)4(Et20)2] 17 
Empirical formula C88 H80 CIO Cu2 010 
Formula weight 1424.60 
Wavelength 0.71069 A 
Temperature 220(2) K 
Crystal system Monoclinic 
Space group C/c 
Unit cell dimensions a = 20.883(3) A 	a = 90 deg. 
b = 17.083(3) A 	0 = 90.08(2) deg. 
c = 20.642(4) A 	y = 90 deg. 
Volume 7364(2) A3 
Number of reflections for cell 48(15<0< 16 deg.) 
Z 4 
Density (calculated) 1.285 
Mg/M3 
Absorption coefficient 0.638 rnm' 
F(000) 2984 
Crystal description Blue-green Block 
Crystal size 0.24 x 0.17 x 0.12 mm 
B range for data collection 2.50 to 19.99 deg. 
Index ranges -20<h<20, 0<k<16, 0<l<19 
Reflections collected 3483 
Independent reflections 3430 [R(int) = 0.0108] 
Scan type co-B 
Solution direct (Sir92) 
Hydrogen atom placement geom 
Hydrogen atom treatment mixed 
Data / restraints / parameters 3430/1561/413 
Goodness-of-fit on F2 1.031 
Conventional R [F>4o(F)] RI = 0.0694 [2248 data] 
R indices (all data) R  = 0. 1108, wR2 = 0.2091 
Absolute structure parameter -0.01(5) 
Final maximum A/cF 0.167 
Weighting scheme calc w=1/[\o(Fo2)+(0. 1088p)2 +65.6487P] where 
P=(F02+2Fc2)/3 
Largest diff. peak and hole 0.545 and -0.571 e.k3 
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7.13 Crystal data for 18 
Crystal data and structure refinement for cua249.[{Cu(Ph21-1CO2)2(Hmhp)}2].CH3CN.Hmhp 18 
Empirical formula C42 H39 Cu N3 06 
Formula weight 745.30 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Triclinic 
Space group P-I 
Unit cell dimensions a = 12.378(3) A 	a = 110.910(3) deg. 
b = 13.24 1(3) A 	P = 96.999(3) deg. 
c= 13.363(3)A 	y= 11l.104(4)deg. 
Volume 1828.3(6) A3 
Number of reflections for cell 965 (5 <0 <47 deg.) 
Z 2 
Density (calculated) 1.354 Mg/m3 
Absorption coefficient 0.650 mm' 
F(000) 778 
Crystal description Green Block 
Crystal size 0.12 x 0.12 x 0.10mm 
Theta range for data collection 1.70 to 23.27 deg. 
Index ranges -9<=h<= 13, -14<k<14, -14<=I<= 14 
Reflections collected 8328 
Independent reflections 5239 [R(int) = 0.0365] 
Scan type \w rotation with narrow frames 
Absorption correction Empirical (Tmin= 0.928, Tmax0.762) 
Solution direct (SHELXS-97 (Sheldrick, 1990)) 
Hydrogen atom placement geom 
Hydrogen atom treatment riding, rotating group (Me) 
Data / restraints / parameters 5239/0/470 
Goodness-of-fit on F2 1.163 
Conventional R [F>4o(F)] RI = 0.0673 [4393 data] 
Weighted R (F2 and all data) wR2 = 0.1414 
Final maximum A/cy 0.001 
Weighting scheme caic w=I/[\&(F02)+(0.0529P)2+1 .2420P] where 
P=(Fo2+2Fc2)/3 
Largest diff. peak and hole 0.823 and -0.525 e.A 3 
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7.14 Crystal Data for 19 
Table 1 Crystal data and structure refinement for coviit. [CO3Na2(tma)2(chp)6]n 
Empirical formula C40 H36 C16 Co3 N6 Na2 010 
Formula weight 1196.22 
Wavelength 1.54184 A 
Temperature 150(2) K 
Crystal system Triclinic 
Space group P-I 
Unit cell dimensions a = 9.107(2) A 	a = 109.87(2) deg. 
b = 11.209(3) A 	11 = 102.192(13) deg. 
c= 12.619(3)A 	y=9l.122(14)deg. 
Volume 1178.2(4) A3 
Number of reflections for cell 60 (20 < theta < 22 deg.) 
Z 
Density (calculated) 1.686 Mg/M3 
Absorption coefficient 12.019 mm' 
F(000) 603 
Crystal description Purple Needle 
Crystal size 0.58 x 0.12 x 0.08 mm 
Theta range for data collection 3.83 to 70.02 deg. 
Index ranges -1 0<=h<= 10, - I 3<=k<= 12, -3<=l<= 15 
Reflections collected 4860 
Independent reflections 4170 [R(int) = 0.0596] 
Scan type 
Absorption correction Numerical (Tmin= 0.136, Tmax=0.579) 
Hydrogen atom placement geom 
Hydrogen atom treatment mixed 
Data / restraints / parameters 4170/0/311 
Goodness-of-fit on F2 1.016 
Conventional R [F>4oF)] RI = 0.0412 [3193 data] 
R indices (all data) RI = 0.0645, wR2 = 0.0892 
Extinction coefficient 0.0011(2) 
Final maximum delta/sigma 0.001 
Weighting scheme calc w=1/[\s2(F02)+(0.0368P)2+0.92 1 5P] where 
P=(F02+2Fc2)/3 
Largest diff. peak and hole 0.432 and -0.467 e.A 3 
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7.15 Crystal Data, Bond Lengths and Angles for 20 
Table I. Crystal data and structure refinement for redoco 
[C06Na3(chp)6(Me2NCH2CO2)6(Cl)3] .2MeCN 
Empirical formula C58 H72 09 Co6 N14 NO 018 
Formula weight 1994.90 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Triclinic 
Space group P-I 
Unit cell dimensions a = 13.008(2) A 	a = 105.350(2) deg. 
b = 14.605(2) A 	3 = 95.948(3) deg. 
c=23.420(4) A 	y= 109.575(2) deg. 
Volume 3950.8(11) A3 
Number of reflections for cell 5424 (2.5 <theta <22.5 deg.) 
Z 2 
Density (calculated) 1.677 Mg/m3 
Absorption coefficient 1.624 mm' 
F(000) 2020 
Crystal description Pink Block 
Crystal size 0.10 x 0.075 x 0.060 mm 
Theta range for data collection 1.56 to 26.43 deg. 
Index ranges -1 6<=h<= 16, -1 8<=k<= 18, -29<=1<=29 
Reflections collected 23852 
Independent reflections 11712 [R(int) = 0.0499] 
Absorption correction SADABS (Tmin= 0.780, Tmax=0.928) 
Solution direct (S1R92) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXTL version 5 
Hydrogen atom placement geom 
Hydrogen atom treatment mixed 
Data / restraints / parameters 11712/378/973 
Goodness-of-fit on F2 0.891 
Conventional R [F>4oiF)] RI = 0.0454 [7102 data] 
R indices (all data) RI = 0.0859, wR2 = 0.0908 
Final maximum delta/sigma 0.095 
Weighting scheme calc w1/{\s2(Fo2)+(0.0368P)2+0.0000P] where P=(F02+2Fc2)/3 
Largest diff. peak and hole 0.422 and -0.502 e.A 3 
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Col-02E 2.053(3) Co5-026 2.200(3) 
Col-Nil 2.108(4) Co5-N3C 2.246(4) 
Col-01A 2.146(3) Co5-CI1 B 2.3890(15) 
Col-021 2.224(3) Co6-02B 2.060(3) 
Col-WE 2.238(4) Co6-01F 2.146(3) 
Col -Cl2B 2.4013(14) Co6-N 12 2.150(4) 
Co2-02D 2.060(3) Co6-022 2.184(3) 
Co2-N13 2.093(4) Co6-N3B 2.237(4) 
Co2-01B 2.112(3) Co6-Cl2B 2.4089(14) 
Co2-N3D 2.256(4) Nal-02D 2.347(3) 
Co2-023 2.266(3) Na 1 -02F 2.348(3) 
Co2-CI3B 2.4050(14) Nal -02A 2.347(3) 
Co3-02F 2.063(3) Nal-02E 2.349(3) 
Co3-N15 2.105(4) Nal-02C 2.369(3) 
Co3-01D 2.118(3) Nal-02B 2.375(3) 
Co3-025 2.230(4) Na2-022 2.251(4) 
Co3-N3F 2.231(4) Na2-025 2.263(4) 
Co3-CI 1 B 2.4085(14) Na2-023 2.305(4) 
Co4-02A 2.062(3) Na2-02D 2.414(3) 
Co4-N14 2.084(4) Na2-02B 2.466(3) 
Co4-01C 2.096(3) Na2-02F 2.499(3) 
Co4-N3A 2.233(4) Na3-026 2.251(4) 
Co4-024 2.285(3) Na3-021 2.260(4) 
Co4-CI3B 2.4151(14) Na3-024 2.284(3) 
Co5-02C 2.059(3) Na3-02A 2.434(3) 
Co5-0 I E 2.129(3) Na3-02C 2.462(3) 
Co5-N16 2.141(4) Na3-02E 2.474(3) 
Table 7. 15 Full metal bond lengths (A) with e.s.ds in parenthesis for 20 
213 
02E-Col-N11 145.65(14) N16-Co5-N3C 92.15(14) 
02E-Col-01A 98.84(12) 026-Co5-N3C 99.26(14) 
Nil-Col-01A 90.40(14) 02C-Co5-CIi B 102.02(9) 
02E-Col-021 87.17(12) 01 E-Co5-Cli B 90.93(9) 
Nil-Col-021 61.57(14) N16-Co5-CI1 B 111.78(11) 
01A-Col-021 80.95(12) 026-Co5-Cl1 B 168.97(9) 
02E-Col-N3E 77.54(13) N3C-Co5-CI1B 89.47(11) 
Ni 1-Coi-N3E 91.50(15) 02B-Co6-01 F 100.37(12) 
01A-Coi-N3E 175.83(13) 02B-Co6-Ni2 144.15(14) 
021 -Coi-N3E 96.70(13) 01 F-Co6-N 12 90.93(13) 
02E-Col -Cl2B 102.17(9) 02B-Co6-022 86.26(12) 
Ni 1-Coi-Cl2B 110.39(12) 01 F-Co6-022 80.95(12) 
01A-Col-Cl2B 92.83(9) N12-Co6-022 61.88(13) 
021 -Coi-Cl2B 169.55(9) 02B-Co6-N3B 76.69(13) 
N3E-Col-Cl2B 89.98(11) 01 F-Co6-N3B 176.93(13) 
02D-Co2-Ni 3 144.92(14) Ni 2-Co6-N3B 92.00(14) 
02D-Co2-01 B 98.12(12) 022-Co6-N3B 99.62(13) 
NI 3-Co2-01 B 93.56(13) 02B-Co6-Cl2B 102.17(9) 
02D-Co2-N3D 76.89(13) 01 F-Co6-Cl2B 90.71(9) 
Ni 3-Co2-N3D 90.17(15) Ni 2-Co6-Cl2B 111 .67(11) 
0 i B-Co2-N3D 174.95(14) 022-Co6-Cl2B 169.14(9) 
02D-Co2-023 87.70(12) N3B-Co6-Cl2B 89.08(10) 
Ni3-Co2-023 60.93(13) 02D-Nai-02F 79.38(11) 
01 B-Co2-023 83.22(12) 02D-Nai -02A 105.58(12) 
N3D-Co2-023 95.67(13) 02F-Nai -02A 173.91(13) 
02D-Co2-CI3B 101.40(9) 02D-Nal -02E 174.84(13) 
NI 3-Co2-CI3B 111 .52(11) 02F-Nai-02E 96.85(12) 
01 B-Co2-CI3B 90.37(10) 02A-Nai-02E 78.41(12) 
N3D-Co2-CI3B 91.41(11) 02D-Nai-02C 99.42(12) 
023-Co2-CI3B 169.57(9) 02F-Nai -020 104.85(12) 
02F-Co3-Ni5 146.59(14) 02A-Nal-02C 78.09(11) 
F02F-Co3-01 D 98.56(12) 02E-Nai-02C 78.04(11) 
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N15-Co3-01 D 	1 90.24(14) 02D-Nai-02B 77.24(11) 
02F-Co3-025 87.5 1(12) 02F-Nal -02B 78.68(11) 
Ni 5-Co3-025 61.91(14) 02A-Nai-02B 98.78(12) 
01 D-Co3-025 81.31(12) 02E-Nai-02B 105.61(12) 
02F-Co3-N3F 77.34(13) 02C-Nai -02B 174.74(13) 
N15-Co3-N3F 91.97(15) 022-Na2-025 115.29(14) 
01 D-Co3-N3F 175.26(13) 022-Na2-023 113.68(14) 
025-Co3-N3F 96.04(14) 025-Na2-023 114.20(14) 
02F-Co3-CIi B 103.10(9) 022-Na2-02D 146.33(13) 
N15-Co3-CIi B 108.70(11) 025-Na2-02D 83.60(12) 
01 D-Co3-CI I B 92.39(9) 023-Na2-02D 78.93(12) 
025-Co3-CI1 B 168.42(10) 022-Na2-02B 75.80(12) 
N3F-Co3-CIi B 90.87(11) 025-Na2-02B 147.24(14) 
02A-Co4-N 14 146.80(13) 023-Na2-02B 85.30(12) 
02A-Co4-01C 98.39(12) 02D-Na2-02B 74.30(11) 
Ni 4-Co4-0 Ic 90.47(13) 022-Na2-02F 82.07(12) 
02A-Co4-N3A 77.32(13) 025-Na2-02F 77.02(12) 
N i4-co4-N3A 91.33(14) 023-Na2-02F 150.43(13) 
01 c-Co4-N3A 174.46(14) 02D-Na2-02F 75.20(11) 
02A-co4-024 87.91(11) 02B-Na2-02F 74.17(11) 
N14-co4-024 61.30(12) 026-Na3-021 113.83(14) 
01 c-co4-o24 83.29(12) 026-Na3-024 113.45(13) 
N3A-co4-024 92.99(13) 021 -Na3-024 115.29(14) 
02A-co4-cI3B 100.62(9) 026-Na3-02A 147.04(14) 
N14-co4-cI3B 110.98(11) 02I-Na3-02A 83.82(12) 
01 c-co4-cI3B 92.31(9) 024-Na3-02A 79.57(12) 
N3A-co4-cI3B 91.94(11) 026-Na3-02c 76.51(12) 
024-co4-cI3B 170.92(9) 021-Na3-02C 147.56(13) 
02c-co5-0 1 E 97.88(12) 024-Na3-02c 84.77(12) 
02C-Cos-N16 144.45(14) 02A-Na3-02c 74.72(11) 
01 E-co5-Ni 6 92.44(13) 026-Na3-02E 82.50(12) 
02c-co5-026 86.61(12) 021-Na3-02E 76.99(12) 
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01 E-Co5-026 80.99(12) 024-Na3-02E 149.88(13) 
Ni 6-Co5-026 61.48(14) 02A-Na3-02E 74.44(11) 
02C-Co5-N3C 77.06(13) 02C-Na3-02E 74.00(11) 
01 E-Co5-N3C 174.89(13)  
Table 7. 16 Full metal bond angles (°) with e.s.ds in parenthesis for 20 
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